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Air Force Office of Scientific Research
2nd Annual Conference of Aging Aircraft
Minutes

Hosted by
Oklahoma City Air Logistics Center
at
Rose State College
Del City, Oklahoma
May 1994

Prior to the First Aging Aircraft Conference, the Air Force
Office of Scientific Research (AFOSR) issued several University
Research Initiative (URI) grants to various universities to study
issues associated with aging aircraft. The papers presented in
this document represent the first year’s work for those
investigations.

The initial presentations are from government agencies
discussing current aging aircraft initiatives underway. They
include papers from AFOSR, all of the Air Force Air Logistics
Centers, Wright Laboratory, Air Force Material Command,
Aeronautical systems Center, FAA and NASA. Later technical papers
from the participating universities cover research into materials
degradation, corrosion and corrosion fatigue, multi-site damage and
non-destructive inspection methods. Two of the technical
presentations given at the conference are not represented in this
document. They are the presentations from Professor Regis Pelloux
of MIT and Mr. Robert Smith of the Defence Research Agency of the
United Kingdom. We apologize for the omissions, but were unable to
obtain copies of these papers. If you are interested in more
information concerning any of these topics, please contact me at
(202) 767-4987.

The conference was hosted by the Oklahoma City Air Logistics
Center, Tinker AFB, Oklahoma. OC-ALC maintains the largest number
of oldest aircraft in the Air Force, which provided the opportunity
for participants to see first hand where their research will be
applied. We would like to thank all those from OC-ALC, ARINC
Research Corporation, and Rose State College who gave their time
and effort to make this conference a success.

C.I. CHANG
o Director of Aerospace
- and Materials Sciences
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AGING AIRCRAFT
OUTLINE

«  Problem/Challenge

e Air Force'Program

e AFOSR Progmm-~ '

. Userﬂ Examples vs.VS&T Technology Issues :

« AFOSR Rsearch With Potential Application

Conclusion

AIR FORCE AGING AIRCRAFT PROBLEM/CHALLENGE




PROBLEM/CHALLENGE

No Funds For Replacement Aircraft

« C/KC-135 Must operate to 2040
. B-52 Must operate to 2030
. E-3 Indefinite

C/KC-135 Structural Fatigue Life Adequate to 2040

e  Effects of Corrosion Not Considered
Corrosion Increases as Aircraft Age

Structural Degradation Due to Corrosion Wiil Limit C/KC-135 Life to
Less Than 2040

ACTIVE
DUTY AGE IN YEARS

FLEET 0-6 7-12 13-18 18-24 24+ AVG

A-10 180 42 1.2

B-52 148 31.4
C-9 32 3 21.5
KC-10 12 47 7.7
C-130 30 9 51 77 167 21.9
C-135 479 30.9
C-141 241 26.1
F-15 241 249 194 4 8.3
F-16 744 102 20 3.7
F-111 12 188 32 21.5
T-37 77 427 29.8
T-38 177 508 26.1
Source: Air Forca Magazine, May 1993




C-141 GROUNDING |

"USAF AIR MOBILIT}( Command Chief, Gen. Ronald
R. Fogleman, has grounded 45 C-141s and
limited another 116 of the transport aircraft from
any in-flight re-fueling. The new limitations follow
a May order limiting all C-141s to 74% of their
normal load capacity. All 249 C-141Bs will
undergo inspectins to determine the severity of
‘weep hole cracking' before being cleared for less
restricted flight, being repaired or being.retired."

Source: Aviation Week, 16 Aug 93

AIR FORCE AGING AIRCRAFT PROGRAM




AFOSR Sponsored Muiti-site Damage Symposium at WR-ALC
18-20 February 1992 - AF, FAA, NASA

AFOSR Initiatives Addressing Aging Aircraft Issues - MURI/URIP/Core

. "Material Degradation and Fatigue in Aerospace Structures” -
$3.75M/Year
- Four Years at 10 Universities
"Detection and Prevention of Corrosion in Aging Alrcraﬂ"
$1.0M/Year
. Three Years at 8 Universities
Individual PI Programs - $0.5M/Year
- Three Universities

First Aging Aircraft Conference Held 27-28 April 1993, Georgna Tech,

Atlanta GA

. AFOSR Funded Academic lnstltutlons, WL, ASC, AFMCI/EN, FAA
and NASA

AIR FORCE AGING AIRCRAFT PROGRAM
(CONTINUED)

Technology/Program Integration
. Full Participation of Technology Producers (Universities, WL) and
Technology Users (ASC, AFMC/EN, ALCs)

Technical/Program Management
e Aging Aircraft Steering Group (AFOSR/NA, WL/CD and AFMC/EN)
e  Four Working Groups .

- NDE

- Material Damage Behavior/Fatigue

- Corrosion

- Structural Integrity Assessment and Life Extension

Methodology

Second Air Force Aging Aircraft Conference scheduled 17-19 May 1994 at
OC-ALC, Full AF Participation Plus FAA and NASA




AIR FORCE AGING AIRCRAFT PROGRAM
(CONTINUED)

2
.

SAB Summer Study 94 on Mission Support and Enhancement for
Foreseeable Aircraft Force Structures

Coordination Qutside Air Force
o FAA Headquarters, Jefl Lewis
FAA Technical Center, Chris Seher
NASA Headquarters, Phil Bogert
NASA Langley, Charies Harris, Joe Heyman
FAA Long Beach, Tom Swift

USAFIST - 6.2/6.3 Investment

USAF/XR - 6.4 Tech Insertion, Post Production Weapon Systems R&D
program .

Joint Third Air Force Aging Aircraft/Air Force Aircraft Structural
Integrity Conference November 1995

AIR FORCE AGING AIRCRAFT STEERING GROUP MEMBERS

AGING AIRCRAFT STEERING GROUP MEMBERS

e  Mr Les Smithers - WL/CD
e Mr Otha Davenport - HQ AFMC/EN
e  DrJim C.L Chang - AFOSR/NA

ADVISOR
. Dr Jack Lincoin - ASC: Structures




WORKING GROUP MEMBERSHIPS

. Air Force

. Program, Expertise (?)

e AFMCI/EN Plus Local Management Decision

e - Other S&T Participation

‘o Working Group Coordinator's Decision

STRUCTURAL INTEGRITY ASSESSMENT AND LIFE EXTENSION
METHODOLOGY DEVELOPMENT WORKING GROUP MEMBERS

Mr James L. Rudd (WL/FIB) - Coordinator

Dr Spencer Wu (AFOSR/NA) - Coordinator

Mr Bill Sutherland (SM-ALC/LAFFE) - ALC Leader
Mr Dan Register (WL-ALC/TIEDD)

Mr Randy Jansen (WR-ALC/TIEDD)
Mr Dave Ratzer (SA-ALC/LADD)

Mr Ralph Garcia (SA-ALC/LADD)
Mr Antonio Gonzalez (SA-ALC/LADE)
Mr Neil Phelps (OO-ALC/LAAS)

Mr Albert Arrieta (OC-ALC/TIESM)




NONDESTRUCTIVE EVALUATION (NDE)
WORKING GROUP MEMBERS

Dr Waiter, Jones (AF QSRINA) - Coordinator

L}

Mr Tobey Cordell (WL/MLBT) - Coordinator

Mr Don Hazen (WR-ALC/TIEDM) - ALC Leader
Dr Haroid Weinstock (A_FOSR/NE)

Mr Albert Rogel (SM-ALC/TIEE)
Mr Bryan Sanbongi (SM-ALC/TIELD)

Mr Thomas Secunda (SA-ALC/TIELM)
Mr Dave Ratzer (SA-ALC/LADD)
Mr Ralph Garcia (SA-ALC/LADD)

Mr David Campbeil (OC-ALC/LAPPI)

MATERIAL DAMAGE BEHAVIOR
WORKING GROUP MEMBERS

Capt Chuck Ward (AFOSR/NC) - Coordinator
Mr Clay Harmsworth (WL/MLSE) - Caordinator
Mr Raiph Garcia (SA-ALC/LADD) - ALC Leader
Mr James Rudd (WL/FIB)

Dr John Botsis (AFOSR/NA)
Dr Waiter Jones (AFOSR/NA)

Mr Tom Yentzer (WR-ALC/TIEDM)
Mr John Meininger (SM-ALC/TIELC)
Mr Dave Ratzer (SA-ALCJLADD)

Mr David Tanner (OC-ALC/TIESM)




CORROSION
WORKING GROUP MEMBERS

Maj Tom Erstfeld (AFOSR/NC) - Coordinator

Mr Gary Stevenson (WL/MLSA) - Coordinator

Ml" Donald Nieser (OC-ALC/LACRA) - ALC Leader
Mr Dick Kinzie (WR-ALC/TIEDM)

Mr Dan Register (WR-ALC/TIEDD)
Mr Dan Durham (SM-ALC/TIEE)

Mr Dave Ratzer (SA-ALC/LADD)
Mr Ralph Garcia (SA-ALC/LADD)
Mr Johnathon Pok (SA-ALC/TIELM)
Mr Dennis Flynn (SA-ALC/TIELP)

Lt Deric Kraxberger (OC-ALC/TIETR)

AFOSR AGING AIRCRAFT PROGRAM




MATERIALS DEGRADATION AND FATIGUE
IN AEROSPACE STRUCTURES

FY 1993 University Research Initiative

MASSACHUSETTS INSTITUTE OF TECHNOLOGY (Regis Pelloux) -
"Environmental Degradation and Fatigue in Aircraft Structural
Materials”

PURDUE UNIVERSITY (Skip Grandt) - "Materials Degradation and Fatigue
in Aerospace Structures”

UNIVERSITY OF CALIFORNIA, LOS ANGELES (Ajit Mal) -
" Characterization of Materials Degradation Due to Corrosion and Fatigue
in Aerospace Structures”

UNIVERSITY OF ILLINOIS (Jiri Jonas) - "Materiais Degradétion and Fatigue

Under Extreme Conditions"

MATERIALS DEGRADATION AND FATIGUE \
IN AEROSPACE STRUCTURES %

S

(Continued)

VANDERBILT AND NORTHWESTERN UNIVERSITIES (John Wikswo/
Jan Achenbach) - " Advanced Instrumentation and Measurements for
Early NDE of Damage and Defects in Aging Aircraft”




FY 1993 URI RESEARCH INITIATIVE PROGRAM

IOWA STATE UNIVERSITY (James Rose) - "Nondestructive Detection and
Characterization of Corrosion in Aircraft"”

LEIIGH UNIVERSITY (Robert Wei) - "Corrosion and Fatigue of Alumlnum
Alloys: Chemistry, Micromechanics and Reliability"

SUNY AT STONY BROOK (Fu-Pen Chiang) - "NDE of Corrosion and Fatigue
) by Laser Speckle Sensor and Laser Moire"

UNIVERSITY OF CHICAGO (Stephen Sibener) - "Scanning Tunneling
Microscopy Studies of the Morphology and Kinetic Pathways for
Corrosion Reactions of Stresses in Materials"

UNIVERSITY OF CONNECTICUT (Welodymyr Madych) - " Experimental
and Theoretical Aspects of Corrosion Detection and Prevention”

)49 DETECTION AND PREVENTION OF CORROSION
”  IN AGING AIRCRAFT STRUCTURES

{Continued)

IOWA STATE UNIVERSITY (James Rose) - "Nondestructive Detection and
Characterization of Corrosion in Aircraft"

UNIVERSITY OF DELAWARE (Fadil Santosa) - "NDE of Corrosnon-Damaged
Structures”

YANDERBILT UNIVERSITY (George Hahn) - "Fretting Corrosion in
Airframe Riveted and Pinned Connections"

WAYNE STATE UNIVERSITY (Robert Thomas) - " Thermal Wave Imaging
for NDE of Hidden Corrosion in Aircraft Components"




AIR FORCE AGING AIRCRAFT PROGRAM
TASKING
STEERING GROUP AND WORKING GROUPS

Rurpose/Function
e  Assure mission capability of Aging Aircraft Fleet

e Reliability Assurance - Existing and Improved
e  Life Extension

Assure Effective Communication Between Technology Developers
and Technology Users

*  Working Groups - Within/Across
*  Working Group Coordinator Roie - Central Clearing House

Develop/Coordinate 6.1, 6.2, and 6.3a S&T Efforts

*  Steering Group and Working Groups
*  Roadmaps

AIR FORCE AGING AIRCRAFT PROGRAM
TASKING

STEERING GROUP AND WORKING GROUPS
~ (Continued)

*  Prosrammatic

Steering Group/Working Group Meetings
Activity Coordination

Problem Identification/Tech Program Development
Subgroup Semi-annual Report




NDE

OC-ALC EXAMPLE

LAP JOINT INSPECTION AREAS

Inspection Areas

SD/OSE/AQ/09-10-93




NON DESTRUCTIVE EVALUATION (NDE)
S&T ISSUES

Explanations to Performancé/Consistency Rendered by Different NDE
Techniques

Understanding .
Fundamental Mechanisms for Detection - UT/Wave Lengt.h
Test Specimen Geometry
Human Interface
Differentiation Between 6.1, 6.2 and 6.3A Issues

NDE Working Group

STRUCTURAL INTEGRITY

OC-ALC EXAMPLE (ROUND ROBIN TEST)




OC-ALC STRUCTURAL INTEGRITY TESTING \

Qo

Specimens From 30+ Year Old C/KC-135 Aircraft With and Without
Possible Corrosion

o Fuselage Lap Joints
e  Upper Wing Skins

Fractographic and Corrosion Quantification After Testing and Invasive
Disassembly

Lab-to-Lab Standard and Preliminary Tests Completed

Testing from Nov 93 to Jun 94

CORROSION AN._AGING AIRCRAFT
ROUND ROBIN TESTING

q s

NOTE: The teven =0, T, Ween’, ‘RS Tl T B0 FUliee © vipwing
:— -y ~“’~'n'~-~-*
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STRUCTURAL INTEGRITY
S&T ISSUES

Physical Parameters for Specimen Quantification Before the Test - Service
Life, Baseline Materials, NDE Measurement, etc.

Materials/Structures Parameters Measurement From/During the Test

Proper Post Test Interpretation Which Leads to Physics-Based Aircraft
Structural Life Prediction and Integrity Assessment

Work Across the Working Groups

SELECTED USER EXAMPLES
vs

SCIENCE & TECHNOLOGY ISSUES




AFOSR RESEARCH
With
POTENTIAL APPLICATION TO AGING AIRCRAFT

NDE

. Speckle Sensor - Chiang, SUNY (AFOSR-URIP)

e  Superconduction (SQUID) - Wikswo, Vanderbilt (AFOSR-Care)
Material Damage Behavior : ,
e  Functionally-Graded Materials - Erdogen, Lehigh (AFOSR-Core)

Corrosion and Fatigue
. Pit Corrosion - Wei, Lehigh (AFOSR-URIP/FAA)

Structural Assessment and Life Extension Methodology -
e  Muiti-Site Damage - Atluri, Georgia Tech (AFOSR-Core/FAA)

<"e~

Small heat source
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Hidden crack

Schematic of the specimen with a hidden crack
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CONCLUSION

Aging aircraft is a very important Air Force issue

0y

S&T community is ready to face this chailenge

There are 6.1, 6.2 and 6.3A issues
. ;

AF-wide program coordination established

6.1,6.2, 6.3A
Technology User <«——>»  Technology Developer

Continue outside Air Force coordination - FAA, NASA and Navy
Substantial 6.1 investment from AFOSR

Community expectation vs. reality of 6.1 basic research

upon small temperature variation of the structure
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TECHNOLOGY SUPERHIGHWAY
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USER NEED
THE KEY TO TECHNOLOGY USE

Pohe O
Push (cont) = &
Pushvpull = O
Pulle O

=1 Pult or pustvpull

1 2 3 4 ] 8 7 [} 9 10

Difficuity — incraasing
: QOURCE: GENERAL ELECTRIC, SAE AEROSPACE ATLANTIC ,1992 /
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g{ % THE NEW WRIGHT LABORATORY
©) INTEGRATED PRODUCT TEAM PROCESS
PHILOSOPHY

« INFORMED CUSTOMERS/SUPPLIERS
- =-THE WARRIORS BECOME ADVOCATES OF CRITICAL TECHNOLOGY

« TECHNOLOGY ORCHESTRATION

- WL QUARTERBACKS AIR VEHICLE TECHNOLOGY TEAM
« CLEAR STRATEGIC FRAMEWORK:

- SYSTEM INTEGRATED TECHNOLOGIES

- RESOURCE ALLOCATION |
- STRONG U.S. TECHNOLOGY BASE

« EMPOWERMENT

- RIGHT PEOPLE/RiGHT JOBS

{@& NEW WL IPT FRAMEWORK
> HOW IT WILL WORK

o

Ny

122 TECHNOLOGY

CORE IPTs
(Original 122)

@ N -

12 CUSTOMER
FOCUS IPTs

1
2
3

[

-
[

I

30 TECHNOLOGY
THRUST IPTs

|

1
2
3
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g §(§ 3 TECHNOLOGY THRUST IPTs

NAME NAME

Avionics Armament

1. Targeting & Attack Avionics 1. Advanced Guidance

2. Electronic Warfare Technology 2. Weapons, Flight Mechanics

3. Systems Avionics 3. Ordnance

4. Electron Devices 4. Instrumentation
Flight Vehicles Manufacturing Technology

1. A hani 1. Alrcraft

2. 5:-':;:;5 cs 2. Missiles & Munitions

3. Controi Science & Technology 3. C3I Mission Eiectronics

4. Cockpit Integration 4. Space & Launch

5. Vehicle Subsystems 5. Aerospace Sustainment

6. Technology Integration/Flight 6. Manufacturing Systems

8. Manufacturing 2005

Materials & Processes 9. Defense Production Act

1. Structures, Propulsion & Subsystems  Propulsion

2. Electronics, Optics & Survivability 1. Turbine En

. gine
3. Systems & Operational Support 2. Fuels & Lubrication

3. High Speed Propuision
4. Aerospace Power
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CUSTOMER FOCUSED IPTs
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. FIGHTERS

GLOBAL AIRLIFTERS / INTRA-THEATER TRANSPORT
. BOMBERS

RECCE/INTEL

SPECIAL OPERATION FORCES

- UNMANNED AIR VEHICLES

. WEAPONS

SPACE SYSTEMS AND LAUNCH

. AGING SYSTEMS AND ALC SUPPORT
. T&E CENTER SUPPORT

. POLLUTION PREVENTION

. CORE TECHNOLOGIES
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CFIPT

e WL team
e Focuses technology on products ~
e Works with TPIPTs (tech needs > military requirements)

e Translates technology needs —» technology solutions

e Balances technologies custoMeR| | | | | || ]
* Builds system oriented technology HiooIF® S CL T L Gl Ll C
roadmaps (near, mid, far) [TARGETING & ATTACK AVIONCS| X | X | X [ X | X [ X | X | X
: [TELECTROMIC WARFARE TEGH | X | X | X 1 X X1 XX %
—SVSTEN AVIOINGS
e Orchestrates resources to make ALl S LS LAENE
it happen
e Members: e oS XX 1% L 1X
WL Tech Thrust IPT members L SRucTRes I X EXTX XX ) XX X
CONTROL SCIENCE TECHNOLOGYT X | X [ X [ X [ X | X [ X | X
e Partners: TPIPTs et smrems T I B
[TESH WTEGRATIONFLT DEMG | X | X [ X R E
e Leader:
- Senior, experienced M & P FOR
- Speaks both technology & systems ResSTRS L X XXX
- Reports directly to WL/CC/CD X | X | X

OVERVIEW OF WL AGING
SYSTEMS CFIPT

e ESTABLISHED: September 1993

* PURPOSE: Assure coordinated WL activities & leveraging
the development & transition of technologies
that support aging systems

* VISION: Extend lives & contain costs of aging weapon systems

* PAYOFFS:

* Increased operational readiness ~~ reduced repair
downtime

* Reduced maintenance & repair costs

* Increased safe operating life (e.g., damage tolerance)




FLIGHT DYNAMICS
DIRECTORATE

Widespread Fatigue Damage

WEEE HOLE REPAIR

PAle AL LY "‘"
WINES A
Wt T e % !
' o

METAL

MW YT RITE

Repair Integrity Life Enhancement

WRIGHT LABORATORY MATERIALS DIRECTORATE |

TR = PROEF R TGRSt op, -2 T D gy

NDE RESEARCH SYSTEMS SUPPORT




‘Aero Propulsion and Power Directorate

SOLID STATE o
ELECTRONICS DIRECTORATE

ELECTRONICS

Resonant Microbeam Strain Gage

- PROVIDE CORE SENSOR TECHNOLOGY BASE APPLICABLE

OBJECTIVE
- DEVELOP SOLID STATE MICROSENSOR TECHNOLOGY
FOR AIR FORCE SYSTEMS " mesonadr
- DEMONSTRATE MICROBEAMS
"+ PAESSURE SENSOR

* ACCELEROMETER

Accelerometer

TO STRUCTURAL CRACK DETECTION
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PLANS AND PROGRAMS

DIRECTORATE
Cockpit
Commonalty
Integrated Cockpit
Avionics for Transports
) C-5
More Electric Fleet
Aircraft
Logistics Visions C-141
FCMDS/ .
IMIS Proven

Technologies

Windshield ,/

Technologies

C-141

OBIGGS/ Fleet
OBOGS

Logisticé Support Technélogy for
Materials Aircraft Handling
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NASA Airframe Structural Integrity Program

Program Management Team ~_HQOARs

Philip B. Bogert

LaRC APG
John G. Davis
R —

Program Implementation Team Team Leader, RTG

Charles E. Harris
.“

-y

Fracture Mechanics Structural Mechanics

NDE Inspection Technology

James C. Newman, Jr. James H. Starnes, Jr.

William P. Winfree

TECHNOLOGY REQUIREMENTS

-Technolqu to reliably and economically inspect aging aircraft to detect:

- Disbonds In fuselage spiice joints and tear straps

« Fatigue cracks In riveted structure
« Airframe corrosion

Damage tolerance analysis methodology for riveted structure to:

+ Establish inspection requirements

« Evaluate the need to repair damaged structure
+ To conduct analyses of repaired structure

Advanced quantitative technology to economically conduct structural audits of

high time airpianes




NASA AIRFRAME STRUCTURAL INTEGRITY PROGRAM

Goal: Economic life extension thrqygh continued airworthiness assurance

lmhatlon
&Growth ,
Mlxed-
Mode
l.oadmgs

MSDIMED
Resndual
Strength

Computational
Disbond

Detection .
Corrosion

Detection | Detection

Quantitative NDE

INTEGRATED SHELL ANALYSIS-FRACTURE
ANALYSIS METHODOLOGY

Glabal shell . Global panel - Local structural
structures . structures : details

Fuselage Fuselage Lap splice
stiffened-shell stiffened-panel joint
analysis analysis analysis

Fatigue crack growth ~ Fracture mechanics

Crack closure Crack configuration
analysis analysis




FRACTURE MECHANICS OF AIRCRAFT STRUCTURE

Crack Initiation and Growth Mixed-Mode Loadings

Notch (Rivet Hole) Environmental
Geometry Fatigue

[ Attoy 2024 T3

Tor

Y
Typical mixed-mode Om
loading Tor
Laboratory
Specimen

Experimental Verification ‘ Fracture Criterion for

Flat Riveted Curved Riveted | v g oy o a Residual stl’el‘lgth
Specimens Structures e _ e

5o
Single Crack Muitiple-site
Cracking

FRACTOGRAPHY OF WSFD IN
STRUCTURAL FATIGUE TEST ARTICLE

]

eeleecccccensoccceloese'scncoce

.e -o--o..-oo--.-o:o. seloscscssscnssces
i

3

bt -t

3

Fuselage skin
lap splice straps




Fatigue Crack Growth Controlled
by Closure Mechanism

Crack Tip Plastic Zone Open  Closed | Minimum Load
TSN |
K Uncracked
Crack Tip <" Material

Crack Opening
Load -

Applied
Stress
Intensity

WSFD Panel Bay #1
116

FWD

Tear !inner Outer
strap | skin | skin




COMPARISON OF MEASURED AND PREDICTED FATIGUE LIFE
2024-T3 ALUMINUM ALLOY UNDER SPECTRUM LOADING

300 B=23mm TWIST

Test
| O A Newman & Edwards

Q Blom Gaussian

=3 um Prediction
=12 pm - - Elastic
eff)th = 1.05 MPa—Vm  — Elastic—plastic

1E5 1E6
N¢, cycles

ey Bl

FRANC rRacture Analysis Code
Comail University/Kansas State University

Select menu item of interest



FRACTURE MECHANICS OF

CRACKS EXTENDING FROM RIVETS

-3

10 ' NASA FRANC Code
r  Crack shape and length
Bearing load distribution
Interference fit
Countersunk hole
da o' | S=10ksi,R=002
dN
( Inches )
cycle
- 8
10 F
Baseline Data
[ (standard CCT tests)
-8
10

Data if not
corrected for
lnterferent_:e fit

(kst Wnch)

S|
100

REEE

CRITICAL CRACK-TIP-OPENING ANGLE (CTOA)
FRACTURE CRITERION

Experimental Verification Program

o]
| Jle | [FRE
Center Crack 3-Hole MSD

Measured CTOA as a Function

of Crack Growth
15
CTOA
(degrees)
10~
sk
0 1 ] 1 [ 1 1
0 05 1 15 2 25 3
Crack Length

(inches)

Video Image of CTOA Measurement'.

Predicted Stable Crack Growth

.6

2024-T3 Alcied, t20.04 In.

"

Single
crack (3 cracks) (5 cracks) (5 cracks)

MSD #1

HEE  Test (FAA- Foster-MiNer, Inc)

EN FE Ansiysis (CTOA)
FE Plastio-zone

MSD #2

MSD #3




STRUCTURAL MECHANICS OF
AIRCRAFT STRUCTURE

Nonlinear Stiffened-Shell
Analysis g

6 Bay local model

Structural Details &

" Experimental Verification Residual Strength

" Pressure box ' Stiffened cylinder

Single Crack Muitiple-site

Cracking

Stiffened Aluminum Fuselage Shell
with 20" Skin Crack
Pressure = 8.0 psi
Radius = 74 in.
Skin thickness = .036 in.
Max.
Min.
Global Model Resultant
Hoop StressL

6 Bay Local Model




Stiffened Aluminium Fuselage Shell with a Skin Crack
2 x 3 Bay Model

10 in. Crack 15 in. Crack 20 in. Crack

Resultant

Pressure + Compression Loading streaal in

Crack Growtﬁ Model for Stiffened Aluminum

Fuselage Shell with Skin Crack and Broken Frame

Pressure = 8.0 psi
Radius =74 in.
Skin thickness = .036 in.

S

Initial Step Crack Growth Intermediate Step
10 in. Crack : - 15 in. Crack

@ @t
. .

Final Step Crack Growth
20 in. Crack
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PREDICTION METHODOLOGY VERIFICATION PROGRAM

Alrframe design &
certification

Conildence * : : i v Ly Resource
lavei c v S requirements

Coup at pane 0urv paned Subscale Prototype
SIF Muiti-site  Global/local Structural  Airframe

solutions  damage analysis analysis design
methodology methodology

> 100%
Degree of verification )
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QUANTITATIVE NDE FOR AIRCRAFT STRUCTURES

Disbond Detection Corrosion Detection
(Ultrasonics, thermography, optics) (Ultrasonics, magnetics,
thermography, radiography, optics)

CIrsx Msox W2ss l o

Crack Detection
(Ultrasonics, magnetics,
thermography, optics)

Artificial Neural Network
MOl image of cracks at rivet




RELIABILITY

RELIABILITY

* LARGE AREA MEASUREMENT
» AUTOMATION/ROBOTICS

« COST EFFECTIVE

« INTERPRETABLE

+ QUANTITATIVE

= ARCHIVAL

NDE COST

PRESENT

« POINT MEASUREMENT
« HUMAN FATIGUE

« CORRELATIVE

« SUBJECTIVE

NDE COST

+ THERMAL NDE \
« ULTRASONICS
« RADIOGRAPHY

- BONDING
- CORROSION
« SAFETY
« RELIABILITY
\ - EFFICIENCY

\—

THERMAL NOE DATA

muesscuaoczonznm:ummuzsp

=
f CORROSION DETECTION AND ESTIMATION
USING NEURAL NETWORKS

MATERIAL LOSS

7

=~ s O0F

50% —- D [:] B BINARY IMAGE

25% ~ D g [[34

FINAL IMAGE CLEARLY SHOWING
AMOUNT OF MATERIAL LOSS (CORROSION)

Orx. HMsox MW Box




Thermal Imaging of Both Bond Integrity
and Material Loss Due to Corrosion Simultaneously

Bond Imaging gng




PORTABLE PC- BASED ULTRASONIC INSTRUMENT

:: DEVELOPED AT NASA.LANGLEY RESEARCH CENTE

Portable PC:

NSTRUMENT CURRENTLY:CONFIGURED FOR SIMULTANEOUS DETECTION
F: DISBONDS:AND.CORROSION: IN'ADHESIVE JOINT.

DISBOND DETECTION:USING NEURAL NETWORK

COMPARISON BETWEEN MATERIAL LOSS OBTAINED ULTRASONICALLY
AND MECHANICALLY MEASURED MATERIAL LOSS

SINGLE LAYER OF ALUMINUM, THICKNESS 1.0 mm SINGLE LAYER OF ALUMINUM, THICKNESS 1.6 MM
WITH MILLED MATERIAL LOSS WITH MILLED MATERIAL LOSS

TRANSDUCER CENTER FREQUENCY 3.5 MHz TRANSDUCER CENTER FREQUENCY 2.25 MHZ
NUMBER OF POINTS FOR FFT =2048 NUMBER OF POINTS FOR FFT =256

"—‘—IDEAL Y=X LINE

0.0 ° g0 - '
0.0 X : 0.0

MECHANICALLY MEASURED MATERIAL LOSS, % MECHANICALLY MEASURED MATERIAL LOSS, %

ULTRASONICALLY ESTIMATED MATERIAL LOSS, %
ULTRASONICALLY ESTIMATED MATERIAL LOSS, %




FIRST LAYER CORROSION SCAN OF BOEING 727 LAP JOINT

ULTRASONIC CONTACT SCAN (HAND-SCAN)

TRANSDUCER CENTER FREQUENCY 3.5 MHz
NOMINAL SKIN THICKNESS 1.16 MM

QUANTITIVE ESTIMATION OF CORROSION (MATERIAL THINNING)
) THROUGH SPECTRAL ANALYSIS

NOTE
THE BRIGHT RED REGIONS ARE DUE
TO THE PRESENCE OF RIVETS,
WHICH AESULTS IN 8AD CONTACT : :
BETWEEN SPECIMEN AND TRANSDUCER PROTRUDING BUTTON-HEAD RIVETS
r ! ¥ Corrostion
: 13.9
13.8
12.3
11.3
19.9
8.3
7.3
6.3
5.9
3.9
2.3
1.3
c.9

ULTRASONIC CONTACT SCAN OF AIRCRAFT PANEL

SIMULTANEOUS DETECTION OF DISBONDS
AND TOP-LAYER CORROSION (MATERIAL THINNING)

TRANSDUCER CENTER FREQUENCY 2.25 MHZ

FALSE-CALL DUE TO ]
PRESENCE OF RIVET BONDED REGION

.3
.7
.8
.3
E 11.7
-, B 19.9
* bt <+ 8.3
: - 1? - 6.7
4557a9101112131415151713192021 S.e
3.3
1.7
DISBONDED REGION 2.9
DISBONDED AND Bond
CORRODED REGION -
No SGMD

* DISBOND DETECTION USING A TRAINED NEURAL NETWORK
* CORROSION ESTIMATION THROUGH SPECTRAL ANALYSIS
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FATIGUE CRACK DETECTION WITH SELF
NULLING EDDY CURRENT PROBE

O

Probe response from fatigue crack

® Unambiguos flaw signature @ Insensitivity to lift-off and probe wobble

@ Low cost for operator training and instrumentation requirements




C-Scan Image of.a Boeing 727 Lap Splice Using
the Simpson Probe

Row of Button

Qo
Rivets °
@)
O OO0 00000 O0O0O0O0O0

CH-N-N-X.] d"lf'b'a‘d“a“a'd:o 000000000

.
P 0 o0 o 0 0 0 010 0 0 o o

o
Scan Region o : °
Q

|

Schematic of sample

.....

Rivets

C-Scan Image of a lap splice sam
dark green regions between the
an air gap between the layers.

ple obtained with the Simpson Probe operating at 2.5 kHz. Red, Yeilow and
rivets correspond to a higher probe output and signify either rnaten’al loss or

CONCLUDING REMARKS

The NASA Program was initiated in 1990.

U. S. Government Strategic Plan (FAA, NASA, USAF)

Cooperative programs with the U. S. OEM's and Airlines

Significant technical accomplishments have occurred
and technology has been transferred to industry
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AGING AIRCRAFT
DEFINITION

e AN AGING AIRCRAFT CAN BE DEFINED AS ONE
THAT REQUIRES A CHANGE TO THE
MAINTENANCE PROGRAM OR OPERATING
RESTRICTIONS BECAUSE OF

- OPERATIONS BEYOND DESIGN LIFE

- CORROSION™ -

- ONSET OF WIDESPREAD FATIGUE DAMAGE
- REPAIRS

ASCAAQSS2

AERONAUTICAL SYSTEMS CENTER
AGING AIRCRAFT PROGRAM

- THE PROGRAM FOR AGING AIRCRAFT
WITHIN THE AERONAUTICAL SYSTEMS
CENTER IS TO ESTABLISH REQUIREMENTS
THROUGH

- MIL-STD-1530A (ASIP)
AND
- AFGS-87221A (MIL-PRIME SPEC)

TO PRECLUDE AGING OR DELAY AGING
EFFECTS THROUGHOUT THE AIRCRAFT'S
LIFETIME

ASCAAGSOS




AGE OF USAF AIRCRAFT

AIRCRAFT DEVELOPMENT INITIATED

T-37
T-38
F-111
F-15
F-16
C-130
C-141
C-5A
KC-135
B-52G
A-10

ASCAAOSO4

- 1963

1956

1962
- 1970

19756
1951
1959
1965
1954
1956
1974

ELEMENTS OF TASK | OF ASIP

TASK |

DESIGN
INFORMATION
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dg
Q

E

11!
i
'“il

A |
]

£
3

t
T

Wl

Lt b
EAb
llﬂl
|

ASIP MASTER PLAN

STRUCTURAL DESIGN CRITERIA

DAMAGE TOLERANCE AND DURABILITY
CONTROL PLANS

SELECTION OF MATERIALS, PROCESSESS,
AND JOINING METHODS

DESIGN SERVICE LIFE AND DESIGN USAGE




OPERATIONAL USAGE
AN AGING AIRCRAFT ISSUE

« ESSENTIALLY ALL OF THE USAF AIRCRAFT
ARE OPERATED MORE SEVERELY IN
OPERATIONAL SERVICE THAN THE DESIGN
USAGE |
EXAMPLES ARE
F-15
F-16
A-10
B-1B
C-141

* THESE USAGE CHANGES ARE DERIVED FROM
- INCREASE IN LOAD FACTOR EXCEEDANCES
- INCREASE IN FUEL RESERVES
- WEIGHT GROWTH

ASCAAOSS4

FUTURE ACTIONS
OPERATIONAL USAGE

e USE SIMULATORS IN DEM/VAL PHASE TO
BETTER ESTIMATE LOAD FACTOR EXCEEDANCES

* USE LOAD LIMITERS ON LOW G AIRCRAFT

* WORK WITH USING COMMAND TO OBTAIN MORE
REALISTIC FUEL RESERVE REQUIREMENTS

* ENSURE THAT THE DESIGN WEIGHT IS THE
PROJECTED WEIGHT AT IOC

e PERFORM TRADE STUDY FOR PROVIDING ADDITIONAL
LIFE MARGIN IN DESIGN TO ASSESS COST AND
SCHEDULE IMPACT

* UPDATE FSMP (DADTA) AT LEAST EVERY FIVE YEARS
« PM UPDATE ASIP COSTS FOR AIRCRAFT LIFE YEARLY

ASCAAOSSa




- CORROSION
AN AGING AIRCRAFT ISSUE

MOST SlGNlFlCANT COST BURDEN OF ANY
STRUCTURALLY RELATED ITEM
- COST ESTIMATED AT $700 MILLION/YEAR

ADDITIONAL FUNDING NEEDED TO PROTECT
SOME WEAPON SYSTEMS
- EXAMPLES

KC-135

C-141

ENVIRONMENTAL PROTECTION LAWS CAUSING
SEARCH FOR NEW INHIBITORS

NONDESTRUCTIVE EVALUATION MARGINAL

* NO PREDICTIVE CAPABILITY

ABCAACSS4

FUTURE ACTIONS
CORROSION

ESTABLISH ADVISORY COUNCIL FROM USA, USAF,

USN, FAA, AND NASA TO ADVISE ON CORROSION

PROBLEMS

- ESTABLISH STANDARDS AND RESEARCH AND
DEVELOPMENT INITIATIVES

DEVELOP THE NONDESTRUCTIVE EVALUATION
TOOLS TO DETERMINE EXTENT OF CORROSION

ENFORCE THE POLICY THAT CORROSION DAMAGE
WILL BE FIXED AND NOT BE ALLOWED TO
JEOPARDIZE SAFE AND ECONOMICAL OPERATIONS

PLACE EMPHASIS ON THE DEVELOPMENT OF
NEW CORROSION PROTECTION SYSTEMS THAT
ARE ENVIRONMENTALLY SAFE

ASCAAOS04




ELEMENTS OF TASK Il OF ASIP

TASK |l

DESIGN ANALYSES AND
DEVELOPMENT TESTS

MATERIALS AND JOINT ALLOWABLES
LOADS ANALYSIS

DESIGN SERVICE LOADS SPECTRA

Tk
hili=
BiE

%

)
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b
|
|

|

|
il f Ll
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STRESS ANALYSIS

= DAMAGE TOLERANCE ANALYSIS

= DURABILITY ANALYSIS

SONIC ANALYSIS

VIBRATION ANALYSIS

FLUTTER ANALYSIS

NUGCLEAR WEAPONS EFFECTS ANALYSIS
NON-NUCLEAR WEAPONS EFFECTS ANALYSIS
DESIGN DEVELOPMENT TESTS

DESIGN CHEMICAL/THERMAL ENVIRONMENT SPECTRA

EXTERNAL AND INTERNAL LOADS
AN AGING AIRCRAFT ISSUE

EXTERNAL LOAD ERRORS HAVE SIGNIFICANTLY
IMPACTED THE LIFE OF AIRCRAFT STRUCTURES
- EXAMPLES ARE

F-4

A-7

THE TECHNOLOGY TO ACCURATELY
PREDICT BUFFET LOADS IS NOT AVAILABLE

SIGNIFICANT VARIATIONS HAVE BEEN FOUND
IN THE QUALITY OF FINITE ELEMENT ANALYSES

THE STATE OF THE ART FOR DETERMINATION
OF THERMAL LOADS IS NOT ADEQUATE

ASCAAQS94




FUTURE ACTIONS
EXTERNAL AND'INTERNAL LOADS

e EMPHASIZE THE USE OF COMPUTATIONAL FLUID
DYNAMICS FOR DETERMINATION OF BOTH
STEADY STATE AND BUFFET LOADING

« EMPHASIZE USE OF MORE COMPREHENSIVE
FLIGHT LOAD SURVEYS TO VALIDATE STEADY
STATE AND BUFFET LOAD PREDICTIONS
- INCREASE THE SCOPE OF FLIGHT LOAD

SURVEYS FOR PROTOTYPE AIRCRAFT

« PROVIDE GUIDANCE IN THE MIL-PRIME
SPECIFICATION ON THE USE OF EXPERIMENTAL
APPROACH TO BE USED FOR VALIDATION OF THE
INTERNAL LOADS IN MAJOR SUB-ASSEMBLY
TESTING LEADING TO FULL-SCALE TESTING

ASCAADSOs

ELEMENTS OF TASK Il OF ASIP

TASK 1l
FULL-SCALE
TESTING

:
:
|
:

STATIC TESTS

DURABILITY TESTS

U

DAMAGE TOLERANCE TESTS

FLIGHT AND GROUND OPERATIONS TESTS

SONIC TESTS

FLIGHT VIBRATION TESTS

FLUTTER TESTS

INTERPRETATION AND EVALUATION OF TEST RESULTS




FULL SCALE TESTING
AN AGING AIRCRAFT ISSUE

e TIMELY START OF STATIC TESTING
TO PERMIT EARLY AND ADEQUATE FLIGHT
AND GROUND LOAD SURVEYS

e TIMELY START OF DURABILITY TESTING
TO AVOID RETROFIT PROBLEMS

* ADEQUATE DURABILITY TESTING TO
IDENTIFY ALL LOCATIONS THAT COULD
BE DAMAGE TOLERANT CRITICAL

e APPROACH TO BE USED FOR DAMAGE
TOLERANCE TESTING TO VALIDATE
THE CRACK GROWTH PREDICTIONS

ASCAAOCSDa

ELEMENTS OF TASK IV OF ASIP

TASK IV

FORCE MANAGEMENT
DATA PACKAGE

USAF STRUCTURAL INT! JOSRAM | FINAL ANALYSES

STRENGTH SUMMARY

FORCE STRUCTURAL MAINTENANCE PLAN

T

LOADS/ENVIRONMENT SPECTRA SURVEY

INDIVIDUAL AIRCRAFT TRACKING PROGRAM




ELEMENTS OF TASK V OF ASIP

TASK V
FORCE
MANAGEMENT
LOADS/ENVIRONMENT SPECTRA SURVEY

It
IIHI
!lllllll!
il

INDIVIDUAL AIRCRAFT TRACKING PROGRAM

|
|
]

INDIVIDUAL AIRPLANE MAINTENANCE TIMES

STRUCTURAL MAINTENANCE RECORDS

WIDESPREAD FATIGUE DAMAGE DEFINITIONS
(DETERMINISTIC AND PROBABILISTIC)

* ONSET OF WIDESPREAD FATIGUE DAMAGE IN A
STRUCTURE IS CHARACTERIZED BY THE SIMULTANEOUS
PRESENCE OF CRACKS AT MULTIPLE STRUCTURAL
DETAILS WHICH ARE OF SUFFICIENT SIZE AND
DENSITY WHEREBY THE STRUCTURE WILL NO LONGER
MEET ITS DAMAGE TOLERANCE REQUIREMENT
(E.G., MAINTAINING RESIDUAL STRENGTH
REQUIREMENT AFTER PARTIAL STRUCTURAL FAILURE)

* THE ONSET OF WIDESPREAD FATIGUE DAMAGE IS
THAT POINT IN THE OPERATIONAL LIFE OF AN
AIRCRAFT WHEN THE DAMAGE TOLERANCE OR FAIL
SAFE CAPABILITY OF THE STRUCTURE HAS BEEN
DEGRADED SUCH THAT THE PROBABILITY OF FAILURE
OF THE INTACT STRUCTURE OR THE STRUCTURE WITH

A PARTIAL FAILURE HAS BEEN INCREASED ABOVE AN
ACCEPTABLE THRESHOLD

ASCAAOSS4




WIDESPREAD FATIGUE DAMAGE (WFD)
TYPES OF DAMAGE

« MULTIPLE ELEMENT DAMAGE
- EXAMPLES (PROBABILISTIC METHODS)
« KC-135 WING
« C-5A WING -
= C-141 FUSELAGE AND WING
= T-38 FUSELAGE AND WING
- APPROACH IS ESTABLISHED

« MULTIPLE SITE DAMAGE
- EXAMPLES
» BOEING 727 AND 737 FUSELAGES
- APPROACH IS MATHEMATICALLY SIMILAR
TO THE MULTIPLE ELEMENT DAMAGE PROBLEM
» CRACK ARREST STRUCTURAL INTEGRITY
IS THE FOCAL POINT OF THE ANALYSIS

ASCAADSG4

WIDESPREAD FATIGUE DAMAGE (WFD)
AN AGING AIRCRAFT ISSUE

e THREAT ASSESSMENT FOR PARTIAL FAILURE
- POTENTIAL SOURCES OF DAMAGE TO
THE STRUCTURE
= ENGINE DISINTEGRATION
» ACCIDENTAL DAMAGE
= BATTLE DAMAGE
= FATIGUE DAMAGE

» DETERMINATION OF ANALYSIS INPUTS
- CRACK DISTRIBUTION FUNCTION
- APPLIED STRESS DISTRIBUTION FUNCTION
- FAILURE CRITERIA

» NONDESTRUCTIVE EVALUATION METHODS
FOR CRACKING THAT WOULD CONSTITUTE WFD

ASCAAOSR4




FUTURE ACTIONS
WIDESPREAD FATIGUE DAMAGE (WFD)

. ESTIMATE THE THREAT OF PARTIAL DAMAGE
- EXAMINE EXISTING DATA BASES
- CONDUCT FIELD SURVEYS FOR DAMAGE

e EXAMINE ALTERNATIVES FOR INITIAL
CRACK DISTRIBUTIONS

* USE DETERMINISTIC AND PROBABILISTIC
METHODS FOR ESTABLISHING ESTIMATE OF
THE TIME OF ONSET OF WFD

RECOGNIZE THAT THIS IS ONLY AN ESTIMATE !l

 ESTABLISH THE NONDESTRUCTIVE EVALUATION
CAPABILITY FOR (SMALL CRACKS) TO VALIDATE
EXISTENCE OF WFD

ASCAAOSD4

REPAIRS
AN AGING AIRCRAFT ISSUE

* MANY REPAIRS ON USAF AIRCRAFT ARE
NOT DESIGNED BASED ON DAMAGE TOLERANCE
- TRACKING OF REPAIRS OFTEN NOT
ACCOMPLISHED
- CONFIGURATION CONTROL OF REPAIRS
IS ALSO A PROBLEM

* DEFINITION OF EXTERNAL AND INTERNAL
LOADS A PROBLEM FOR OFF-THE-SHELF
AIRCRAFT
- CONTRACT FOR MODIFICATIONS OFTEN NOT

WITH ORIGINAL EQUIPMENT MANUFACTURER

* BATTLE DAMAGE REPAIR CRITERIA
- NO UNIVERSAL AGREEMENT . WITHIN USAF

ABCAAOSe4




FUTURE ACTIONS
REPAIRS

DEVELOP METHODOLOGY FOR ESTABLISHING
EXTERNAL AND INTERNAL LOADS FOR USE
IN THE DESIGN OF REPAIRS

DEVELOP GUIDELIN_ES' FOR USE IN DEPOTS

FOR DESIGN OF DAMAGE TOLERANCE REPAIRS

ENFORCE THE POLICY THAT REPAIRS
WILL BE BASED ON DAMAGE TOLERANCE
PRINCIPLES

ADOPT NEW GUIDANCE ON THE DESIGN OF
BATTLE DAMAGE REPAIRS FOR USE IN THE
FIELD '

ASCAADSS4

OFF THE SHELF AIRCRAFT
AN AGING AIRCRAFT ISSUE

CERTIFICATION BASIS FOR OTS AIRCRAFT
OFTEN INCOMPATIBLE WITH THE ASIP

DIFFICULT TO ESTABLISH THE EXTENT OF
HIDDEN CORROSION

SOME AIRCRAFT MAY BE IN A STATE OF

WIDESPREAD FATIGUE DAMAGE WHEN PURCHASED

BY THE AIR FORCE

BE AVAILABLE TO THE CONTRACTOR MAKING
"-THE REPAIRS AND MODIFICATIONS

* AIR FORCE MISSION MAY BE SIGNIFICANTLY
DIFFERENT THAN DESIGN MISSION

ASCAAGSOs

THE EXTERNAL AND INTERNAL LOADS MAY NOT




OFF THE SHELF AIRCRAFT
FUTURE ACTIONS

« BASIS FOR STRUCTURAL QUALIFICATION
OF OTS AIRCRAFT WILL BE THE AIR FORCE
STRUCTURAL INTEGRITY PROGRAM

« USE EMERGING NDE TECHNOLOGY FOR
ASSESSING THE EXTENT OF HIDDEN CORROSION

'« PERFORM TEARDOWN INSPECTIONS AND
ANALYSES AS APPROPRIATE TO DETERMINE
THE TIME OF ONSET OF WFD

« DEVELOP THE EXTERNAL AND INTERNAL LOADS
TECHNOLOGY THAT WOULD BE SUITABLE FOR
MAKING DAMAGE TOLERANT REPAIRS AND
MODIFICATIONS

ASCAAQSe4

CONCLUSIONS

« ASIP HAS BEEN SUCCESSFUL IN REDUCTION
OF SAFETY OF FLIGHT PROBLEMS FOR
OPERATIONAL AIRCRAFT

« SOME CHANGES ARE NECESSARY TO ENSURE
THAT NEW WEAPON SYSTEMS ARE BEING
DESIGNED TO ACCOMMODATE NEW TECHNOLOGY
AND LESSONS LEARNED FROM THE PAST

« SOME CHANGES ARE NECESSARY TO ENSURE
THAT AGING WEAPON SYSTEMS ARE BEING
MAINTAINED IN THE MOST ECONOMICAL
MANNER

ASCAAOSE4
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WRIGHT LABORATORY
MATERIALS DIRECTORATE

OUTLINE

Overview of the Materials Directorate, Wright
Laboratory

Technical Program
Special Emphasis Areas (SEAs)

Support for Aging Aircraft

.~ NDE
— Corrosion Control/Protective Coatings
—~ Composite Supportability
- Composite Repair of Metals Structures
- Sealants
— Failure Analysis

Conclusions

WRIGHT LABORATORY
MATERIALS DIRECTORATE

MISSION

Plan and execute the USAF program for
materials and processes in the areas of basic
research, exploratory development, and advanced
development. Provide systems support to Air
Force product centers, logistics centers, and
operating commands to solve system related

~ problems and to transfer expertise in the areas of
materials and processes.




WRIGHT LABORATORY
MATERIALS DIRECTORATE

ML ORGANIZATION
DIRECTOR
DB. _\_/. J. RUSSO | CHIEF SCIENTIST
DEPUTY DIRECTOR DR. H. M. BURTE
COL. R. E. CHANNELL

R&D CONTRACTING (MLK)
MICHAEL WEAVER

MATERIALS PROGRAM CONTROL (MLC) I
MR. S. R. MILLER

| R
NONMETALLIC METALS & ELECTROMAGNETIC
MATERIALS CERAMICS MATL'S & SURVIVABILITY
DIVISION (MLB) DIVISION (MLL) DIVISION (MLP)
DA. C. E. BROWNING MR. R. L. RAPSON MR. W. R. WOODY

SYSTEMS INTEGRATION &
SUPPORT OPERATIONS
DIVISION (MLS)

DIVISION (MLI)
MR. J. R. WILLIAMSON

MR. T. D. COOPER

L S~ i e

WRIGHT LABORATORY
MATERIALS DIRECTORATE

MATERIALS DIRECTORATE FACILITY

386,000 Square Feet

- >$100,000,000 Brick and Mortar Built
in Mid '80s

- >$125,000,000 Equipment
Replacement Value

- Designed Specifically for Materials
and Processes R&D




WRIGHT LABORATORY
MATERIALS DIRECTORATE

TECHNOLOGY AREA FUNDING FOR FY94

MATERIALS TECHNOLOGY
AREA ($86.6M) AFOSR $9.4M

AF S&T Balance

MAN SC1 $3.4M
NASP $.4M

SBIR $8.5M

SOt $3.0M
ARPA $2.0M

ESTIMATED AF S&T FUNDS:

$1457.0M

ESTIMATED TOTAL TECH AREA FUNDS:

¢ $113.3M: TOTAL FUNDING

WRIGHT LABORATORY
MATERIALS DIRECTORATE

STRATEGIC EMPHASIS AREAS
(in alphabetical order)

- Aging Systems

* Dual Use

» Pollution Prevention

» Processing

« Space




) WRIGHT LABORATORY
i MATERIALS DIRECTORATE
& ‘

SUPPORT FOR AGING AIRCRAFT

NDE (To be Presented by Tobey Cordell)
* Corrosion Control/Protective Coatings
* Composites Supportability

* Composite Repair of Metal Structures
Sealants

Failure Analysis

ﬂ CORROSION CONTROL
WL/MLS SUPPORT

- CORROSION PREVENTION ADVISORY BOARDS
* CONSULTATIONS, EVALUATIONS, AND PROBLEM SOLVING
* INPUT TO AF WIDE CORROSION SUMMARY
- MAINTENANCE
- OPERATIONAL COMMAND CORROSION SURVEYS

= UPDATE TECHNICAL ORDERS, SPECIFICATIONS,
STANDARDS

* CORROSION DATA BASE ON EMERGING MATERIALS/
PROCESSES

= STRUCTURAL MATERIALS
-« COMMERCIAL PRODUCTS AND PROCESSES
- HAZARDOUS MATERIALS SUBSTITUTIONS




WL/MLSA ON-GOING CORROSION
CONTROL ACTIVITIES

ENVIRONMENTAL, HEALTH, SAFETY RELATE

——

- COATINGS
.- LOW VOC POLYURETHANE TOPCOATS
.« LOW VOC, CHROMATE FREE PRIMER
-« ELECTROCOAT PRIMER
.« POWDER TOPCOAT

.« LOW VOC FUEL TANK COATING

'« SURFACE PRETREATMENTS
-« ALUMINUM

-« MAGNESIUM

WRIGHT LABORATORY
MATERIALS DIRECTORATE

GOALS/SUBGOALS FOR WL'S PAINT/COATING TEAM

2
&

GOALS

| « Develop List of Potential Projects
 Develop S&T Strategy for Coating Systems

SUBGOALS

— Define Future Enviro Compliance Requirements
- Establish Min Coating Performance Standards
- Examine Alternative Surface Protection Methodologies

‘~ Quantify Impact of New Methodologies on Structural
Integrity, IR Signature, Etc.

-~ Examine Why Paint/Depaint




) X WRIGHT LABORATORY
! & . MATERIALS DIRECTORATE

@ ROADMAP DEVELOPMENT PROCESS

N, % Prioritized
User Needs ¥ w':',,h % Needs
& Enviro Air Force Paint : 2 % -Near-term
Task Force § % -Mid-term
A

Req _ -Long-term

VIZIFFIIVIIIIFIIINA

NULMNNNNRN

RN

R i e

-On-going Programs‘

+ Roadmaps -

+ -Projects 3

ustrystsses H -Resources -
tg#km A H- -
-Academia ik = -Timeframe 7

e T Lee e
= > e <

St OVERVIEW

M(2-5Y
-~ Low VOC
- Minimum Chromate
- Improved Formulations
- Lower IR Reflectance

— Corrosion Control

NEAR TERM EFFORTS ID-TERM
- Refine Existing Primers/ - Low/No VOC
Topcoats - No Chromate
—-- Adhesion, Flexibility, - LowlIR - No VvOC
Appearance -~ Lasts from POM to PDM| - No Chromate
- LowiR
- Lasts Life of System
WL/PAINT COATING
WORKSHOP
- Refined Roadmaps
- Defined Possible Projects
-- Coating Application
— Removal




WRIGHT LABORATORY
MATERIALS DIRECTORATE

TECHNOLOGY THRUST
INTEGRATED PRODUCT TEAMS

TTIPT 1: Materials and Progesses for Structures, Propulsion and Subsystems
Subthrust 1.A: Carbon-Carbon & Thermal Protection
Subthrust 1.B: Nonmetallic Structural Materials
Subthrust 1.C: Nonstructural Materials
Subthrust 1.D: Metallic Materials
Subthrust 1.E: Ceramics & Very High Temp Materials

TTIPT 2: Materials and Processes for Electronics, Optics and Survivability
Subthrust 2.A: Electronic and Optical Materiais
Subthrust 2.B: Survivable Materials

TTIPT 3: Materials and Processes for Systems and Operational Support
Subthrust 3.A: Nondestructive Evaluation
Subthrust 3.B: Systems Support

COMPOSITES SUPPORTABILITY
GOALS

e IMPROVE SUPPORTABILITY OF EXISTING
COMPOSITE MATERIALS

¢ IMPROVE SUPPORTABILITY OF FUTURE
COMPOSITE MATERIALS

e REDUCE SUPPORT COST OF AGING AIRCRAFT

e DEVELOP ABDR CAPABILITY OF COMPOSITES




COMPOSITES SUPPORTABILITY
EXISTING COMPOSITE MATERIALS

_

TECHNOLOGY DEVELOPMENT

e HEAT DAMAGE OF COMPOSITES

e HOT BONDER DEVELOPMENT/TRANSITION

¢ LOW TEMPERATURE CURING RESINS/ADHESIVES

e REPAIR MATERIALS EVALUATION




HEAT DAMAGE OF COMPOSITES
L —

| COMPOSITES SUPPORTABILITY
i; |
I

OVERALL AIR FORCE PROGRAM OBJECTIVES »

e TO DEVELOP A FUNDAMENTAL UNDERSTANDING
OF THE EFFECTS OF OVER HEAT DAMAGE (NOT
DESIGNED FOR) ON COMPOSITE MATERIALS FOR
MILITARY AIRCRAFT STRUCTURE

e TO DEVELOP AN OPERATOR’S ASSESSMENT
GUIDE WHICH CAN ASSIST IN THE EVALUATION
OF HEAT DAMAGE IN COMPOSITE MATERIALS

TECHNOLOC ¢ i Ari:

Standardized Hot Bonded Repair System improves Maintenance of Composites

NEED: Eliminate the inconsistent appiication

of hot bonded repair systems used by
the Alr Force.

APPROACH: Government and Industry composite
repair experts teamed together to
evaluate hot bonded repair systems
and develop standard specifications
for use throughout the Air Force.

APPLICATION: Standardized hot bonded repair
specifications are now used by
the Alr Force for composite
structure repairs.

Reduces training, maintenance, and
system rellability problems.

Expected to save $6 million over
a 10-year period.




COMPOSITES SUPPORTABILITY
HOT BONDER DEVELOPMENT

° SPECIFICATIONDEVELOPED FOR AIR FORCE

e ONE YEAR FIELD EVALUATION

* TRANSITIONED TO SA-ALC

e SA-ALC CONTRACT AWARDED‘

¢« ML PROVIDING TECHNICAL INPUT
* PDR @ ML ON JAN 94

e FOLLOW-UP @ SA-ALC ON MAR 94

COMPOSITES SUPPORTABILITY
- REDUCE COST OF SUPPORTING AGING SYSTEMS

* TODAY’S AGING SYSTEMS ARE OF METAL CONSTRUCTION

e COMPOSITES PLAY A LARGE AGING SYSTEMS ROLE
» REPAIR/ENHANCEMENT WITH COMPOSITE “PATCHES”
» SUBSTITUTION FOR CURRENT METAL PARTS

¢ PROBLEMS WILL INCREASE AS FLEET CONTINUES TO AGE




COMPOSITES SUPPORTABILITY
DIRECT SYSTEMS SUPPORT CUSTOMERS

e SA-ALC
e T-38 FORMER AND INLET
o C-5 FORWARD RAMP

e OC-ALC
 B-52 UPPER WING SKIN
e MLSE SILANE TECHNOLOGY
« KC-135 BEAM CAP AND WING REPAIRS
o B-1B25° LONGERON
o SIGNIFICANT MLSE MATERIALS/PROCESSES INPUT

e SM-ALC

 LOW VOC ADHESIVE PRIMER QUALIFICATION FOR F-111
AND A-10

COMPOSITES SUPPORTABILITY
DIRECT SYSTEMS SUPPORT CUSTOMERS

e OO-ALC
» F-16 FUEL VENT HOLE AND SPEED BRAKE
+ MLSE SILANE AND M&P TECHNOLOGY

e F-4

» POTENTIAL FOR USE OF MLSE SILANE TECHNOLOGY

* WR-ALC
« C-141 WEEP HOLE REPAIR
¢« MLSE SILANE AND M&P TECHNOLOGY
e GENERIC “HAVE PATCH WILL TRAVEL” EFFORT

‘e C-141 ALUMINUM/KEVLAR TRAILING EDGE

by A30A W

CoLL BRI,




WRIGHT LAgy::a10r:
MATERIALS DIRE: 10,

TECHNOLOGY TRANSITION

Composite Patch Repair Process To Speed Alrcraft Maintenance,
Save Millions

ACHIEVEMENT

- Demonstrated permanently bonded
composite patches to repair aircraft
metal skin and structure

BENEFITS

* Saves $20 thousand for each F-1§
requiring repairs

* Reduces aircraft ground time and can
be performed in the fieid

* Reduces metal panel and skin
replacement

+ Permanent repair

WINGHT A
MATERIAL G Py 0y

TECHNOLOGY TRANSITION

Improved Composite Patch Repair Process Speeds
Return Of Grounded C-141 Aircraft To Operational Status

ACHIEVEMENT

- Developed composite patch process
to repair C-141 wing weep hole cracks
and transitioned it to WR-ALC

BENEFITS

- Avoided extensive downtime and cost
for numerous aircraft, since no other
repair was available

* WR-ALC now using the process on all
C-141s needing simllar repair

* Procedure can be adapted to other
forms of damage and other aircraft




F-15 FUEL LEAKS

PROBLEM

« CONUS IS CONVERTING FROM JP-4 FUEL TO JP-8
- CALIFORNIA AND NEVADA CONVERTED OCT 93

F-15'S AT NELLIS AFB WERE SEVERELY AFFECTED BY THE CHANGE

IN FEBRUARY 37 OF 39 AIRCRAFT WERE GROUNDED FOR FUEL
LEAKS

RED FLAG EXERCISES WERE SEVERELY HANDICAPPED

* F-15 WEAPONS SCHOOL HAD TO CANCEL CLASSES FOR THE FIRST
TIME IN 30 YEARS

' F-15 FUEL LEAKS -

CAUSE

JP-8 EVAPORATES SLOWER THAN JP4
JP-8 CAUSES THE SEALS AND SEALANT TO SHRINK

« EXCESSIVE GUN PRESSURES WERE USED TO INJECT SEALANT
SEALANT NOT ABLE TO BRIDGE GAPS IN FAYING SURFACES




BACKGROUND WORK

IN 1986 F-15 FUEL LEAKS WERE EXPERIECED WITH JP-5

AN IN-HOUSE EFFORT WAS ESTABLISHED TO DETERMINE THE
CAUSE

* WORK WAS DONE BY A SEALANT MANUFACTURER TO DEVELOP
TWO NEW SEALANTS

THESE SEALANTS WERE TESTED IN-HOUSE

F-15 FUEL LEAKS

SHORT TERM SOLUTION

USE NEW SEALANTS THAT WERE PREVIOUSLY DEVELOPED
DIFFERENT SEALANT APPLICATION TECHNIQUES WERE USED
RE-EVALUATE LEAK CRITERIA IN DRY BAYS

BY END OF FEBRUARY, ONLY ONE AIRCRAFT WAS GROUNDED

LONG TERM SOLUTION

A DEPOT PROGRAM IS BEING DEVELOPED TO REPAIR THE BLOWN
CHANNELS

WORK WITH DEPOT ENGINEERS TO SPECIFY THE SELANTS USED
AND THE APPLICATION PROCESS



MISSION

PROVIDE FAILURE ANALYSIS/TECHNICAL
CONSULTATION ON STRUCTURAL AND
ELECTRONIC SYSTEMS, SUBSYSTEMS,
AND COMPONENTS ON A QUICK :
REACTION BASIS TO PRIMARILY AIR
FORCE BUT WHEN REQUESTED TO ALL
DOD AND OTHER CUSTOMERS

NEED: Eliminate potential safety hazard
caused by improperty functioning
fuel probes on T-37 aircraft.

APPROACH: ML analysis of failed fuel probes
revealed a materials degradation

process between the fuel probes’
sliver plated wiring and residual
sultur in jet fuel.

Recommended improved fuel
probe design and new
maintenance procedures.

APPLICATION: Using ML recommendations,
San Antonio ALC engineers
effectively managed the fuel
probe praoblem without having
to ground the aircraft.




WRIGHT LABORATORY
MATERIALS DIRECTORATE

CONCLUSIONS

- Materials and Processes Technology is Critical
for Extending Life of Aging Aircraft

- WL/ML has a Broad Ranging Program
Addressing These Problems

 Transitioning Technology to ALCs, Operating
Commands has High Priority

« More Research and Development Required to
Provide Needed Technology
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NDE R&D Goals

* Reduce operations and maintenance costs of AF weapons
systems via enhanced NDI/E technology

- Improve existing and develop new technologies for detection of
potential failure-causing defects

- Provide novel nondestructive materials and process

characterization / evaluation methodologies

* Ensure rapid NDI/E téchhology transition to ALC customers via
effective coordinated use of 6.3 advanced development

* Create customer satisfaction via involving customers
aggressively in the program selection and decision-making

processes

REORGANIZED AIR FORCE

AIR FORCE
' A
I 1 I
AIR AF AIR
MOBILITY MATERIEL COMBAT
COMMAND COMMAND - COMMAND
]
I 1 |
SPACE AND AERONAUTICAL AIR
MISSILE SYSTEMS LOGISTICS
CENTER CENTER CENTERS
] |
i 1 I I
PHILLIPS WRIGHT C-17 F-22
LABORATORY LABORATORY

pm——
Slide 2




AIR FORCE MATERIEL COMMAND

AF:VIC
| . | |
ALC _ ASC - A‘_C
o
WL
‘ ]
| I [
FLIGHT MATERIALS MANTECH
DYNAMICS
| |
SYSTEMS METALS &
STRUCTURES SUPPORT cemfwcs
i i i
NDE NDE
APPLICATIONS R&D

Slide 4

CHANGING AF WEAPON SYSTEM POSTURE

* ENHANCE MANAGEMENT OF CURRENT SYSTEMS
Airframes (C-141, C-5, C-130, F-16, F-15)
Engines (F100 RFC, F110 ENSIP)
INCREASED focus on SLEP with ASIP / ENSIP

* NEW SYSTEMS ACQUISITION DECELERATING
C-17 - 40 AIRCRAFT
B-2- SMALL FLEET(20) - NOT AT DEPOT
F-22 - |OC DELAYED TO ?

* INCREASING LOW OBSERVABLES REQUIREMENTS

F-117 / F-16/B-1B/ SOF /ACM / B-2 / F-22/OTHERS
SIGNATURE SUPPORTABILITY PROBLEMS

Slide 5




Alr Force Aging Aircraft

ACTIVE
DUTY

A-10
B-52
c-9
KC-10
Cc-130
" C-135
c-141
F-15
F-16
F-111
T-37
T-38

FLEET

0-6

12

30

241
744

Source: Air Force Magazine, May 1993

7-12

180

47

249
102

AGE IN YEARS
13-18 18-24
42
32
51 77
194 4
20
12 188
77
177

24+

148

167
479
241

32
427
508

AVG

11.2
31.4
21.5
7.7
21.9
30.9
26.1
8.3
3.7
21.5
29.8
26.1

Slide 8

FOCAL AREA 4 TEAM MEMBERS / CHANGES

MLLP
T. CORDELL

M. BLODGETT

C. BUYNAK
C. FIEDLER

G. JABLUNOVSKY

L. MANN
T. MORAN

C. VICKERS

MLSA

G. HARDY

J. BRAUSCH
MLSS

J. SIERON

MLIM

{ S. RUEGGSEGER |

FiB
C. PAUL
J. BURNS
NAVY

V. AGARWALA

FOCAL POINT

X-RAY, ULTRASONIC TECHNOLOGY

COMPUTED TOMOGRAPHY, UT
OPTICS, LASER-GENERATED UT
EDDY CURRENT, LO, AGING

OPTICAL METROLOGY

IMAGE ENHANCEMENT AND ANALYSIS

WUD LEADER
ASC, UT

ALC SUPPORT

PROCESS PLANNING

JDL RELIANCE




FOCAL AREA 4 CUSTOMER INVOLVEMENT

ASC

EN  J.LINCOLN, A/C STRUCTURES

SM  S. VUKELICH, ENGINES

MANTECH
D. BREWER, REPTECH
T. SWIGART, NDI
S. RICKLES, ENGINES

WRIGHT LABORATORY
XPN, J. POTTER, LO APPLICATIONS
XPT, C. KROPAS, MOBILITY TPIPT
XPT, J. KUZNIAR

SM-ALC
A.ROGEL
D. FROOM, D. BAILEY

WR-ALC
D. HAZEN
N. WOODWARD

SA-ALC

RCIA
R. PAGLIA (AF ND1)
M. PAULK

O0-ALC
J. HOUSEKEEPER
A. McCARTY

OC-ALC

I,Q_MQ.QB.E..L_NHDIAI](ER
D. NIESER (KC-135)

Slide 8

USAF NDI IPT

AF NDI Program Office

(SA-ALC/ LDN)
R. PAGLIA

CAPT C GUYER

M. PAULK

K. CORREALE
CMS S. PALUMBO
SMS D. LOCKE

HQ AFMC
SMS G. MONGELLI

WL

 TOBEY CORDELL
CAPT G. JABLUNOVSKY

SUBSYSTEMS SPO (ASC/SM)

SM-ALC, A.ROGEL
WR-ALC, D. HAZEN
SA-ALC, G. BURKHARDT,
OO0O-ALC, J. HOUSEKEEPER
OC-ALC, c. MOORE

ACC, cMS J. MILLER
AMC, MS B. SCHMIDT
ANG, T. NAGY

AF Res, MS D. WILSON

Siide 9




LOGISTICS NEEDS (RANK ORDERED)

e LN 79004 AIRCRAFT BATTLE DAMAGE REPAIR TECHNOLOGY
« LN 79003 DETECTION OF HIDDEN AND INACCESSABLE CORROSION
« LN 91006 UNIVERSAL AVIONICS MODULE

« LN 84039 RAPID NDI FOR ADVANCED COMPOSITES WITH COMPLEX
SHAPES, VARIABLE DENSITIES

e« LN 88030 NDITECHNIQUES FOR CRACK DETECTION IN SECOND
LAYER STRUCTURE

» LN 80181 DAMAGE TOLERANCE FOR ADVANCED COMPOSITES
« LN 91049 RELIABLE FASTENING SYSTEMS

e LN 90077 NDITECHNIQUE TO RELIABLY DETECT SMALL FATIGUE
CRACKS

Side 10

AIRFRAME LIFE MANAGEMENT ISSUES

CRACK DETECTION ]

* NDI CITED AS CRITICAL AT AF ASIP CONF
 TACTICAL FIGHTER LIFE EXTENSION ISSUES
* TRANSPORT DURABILITY

CORROSION DETECTION

* C/KC-135 CONVERSION TO C/KC-135R
* CORROSION IS LIFE-LIMITING

Slide 11




ASIP CONFERENCE -TACTICAL FIGHTERS

T

BULKHEAD / FUEL SHELF CRACKING
SIGNIFICANT INCREASE IN SEVERITY OF USAGE
SAFETY LIMITS REDUCED

- INSPECTION INTERVALS REDUCED
LESSONS LEARNED

- POOR HOLE QUALITY IN BULKHEAD HOLES

- INITIAL CRACKS ALL STARTED NEXT TO HOLES
FATIGUE LIFE EXTENSION VIA COLD-EXPANSION OF HOLES

LF1s ]

Yy —~—3

LOWER WING SPAR CRACKING
CURRENTLY INACCESSIBLE
- NECESSITATES REMOVAL OF UPPER WING COVER

Slide 12

ASIP - EXTENDED SERVICE LIFE TRANSPORTS

o]

WING SPLICE - STATION 405 T

MSD - FATIGUE CRACKING AT MULTIPLE SITES

CURRENT FORCE AVERAGE 34,000 HRS

DECISION: CONTINUE WITH RELIABLE INSPECTIONS AND REPAIR
INSPECTION DECREASES PROBABILITY OF FAILURE TENFOLD

WING DURABILITY
'86 & ON - 2 TO 3 TIMES AS SEVERE USAGE
3 MAJOR CENTER WING REVISIONS
5 MAJOR OUTER WING REVISIONS
NEW STRUCTURAL TESTS
SIGNIFICANT CRACKS DETECTED VIA NDI
SEVERAL REPAIR APPROACHES INCLUDE COMPOSITES
NDI TECHNIQUES BEING DEVELOPED AS REQUIRED

Slide 13




APPROACH to Corrosion Detection

ALCs evaluating current equipment to
detect >10% material loss

e ML transiti6ﬁing héar—term technologies

for < 10% material loss

e ML developing NEW TECHNOLOGIES for

NASCENT corrosion DETECTION and corrosion

DISCRIMINATION

e —
Slide 14

CORROSION DETECTION/ CHARACTERIZATION

COOPERATIVE EFFORT WITH NAVAL AIR
WARFARE CENTER

DEVELOPMENT OF CORROSION SPECIFIC
SENSORS

* THIN FILM GALVANIC SENSORS

* CORROSION SENSITIVE COATINGS

* APPLICATION HAS SOME LIMITIATIONS
LEVERAGING FUNDS 3 YRS
CUSTOMER = OC-ALC / INSTALLING ON KC-135

Slide 15




FY93 NEW START PRDA

* NOVEL NDE METHODS FOR CORROSION DETECTION

- IDENTIFY/ASSESS FEASIBILITY OF NOVEL
CORROSION DETECTION AND
CHARACTERIZATION METHODS

- PRDA ALLOWS SELECTION OF MULTIPLE
APPROACHES

* PAYOFF: REDUCED OPERATIONAL MAINTENANCE
COSTS THROUGH EARLY DETECTION AND
TRACKING OF CORROSION

Slide 18

HIGH RES RTR ADV DEVELOPMENT

OBJECTIVE: DEVELOP PROTOTYPE REAL-TIME RADIOGRAPHIC
IMAGING SYSTEM WHICH DEMONSTRATES VIABILITY
AND CAPABILITY TO REPLACE IN-FIELD FILM
TECHNIQUES

| CONTRACTOR: LOCKHEED MISSILES AND SPACE CO.
(F33615-91-C-5623)

APPROACH: 6.3 PROGRAM BASED ON 6.2 DEVELOPMENTS
TASK1- BUILD AND EVALUATE CORE SYSTEM
TASK Il - BUILD AND EVALUATE BRASS BOARD SYSTEM
- TASK Il - BUILD AND EVALUATE PROTOTYPE

Slide 17




HIGH RES RTR ADV DEVELOPMENT

GOAIT'S 1

« REPLACE FILM —»LOWER COST, FASTER, INCR DYNAMIC RANGE
« ELIMINATE HAZARDOUS WASTE (NO PROCESSING CHEMICALS)
« PROVIDE DIGITAL DATA ANALYSIS / ARCHIV ING

PERFORMANCE OBJECTIVES

ey ~owy T

PARAMETER CURRENT TASK | EXPECTED TARGET
SPATIAL RESOLUTION 10 10 20

) (Ip/mm)
CONTRAST SENSITIVITY 1% 3% 1%
DYNAMIC RANGE 3000 3500 >3000
IMAGE ACQUISITION TIME 10 5 1

" (Seconds)

FIELD OF VIEW (inches) 2x2 4x4 ax4

W |
Slide 18

NDE, A FULL SPECTRUM TECHNOLOGY

DESIGN

INCOMING

CAD

IN-PROCESS

[POST PROCESS ||

..WM;S,.;;MB )

CAM

INTEGRATED
PRODUCT
DESIGN

|

IN-SERVICE

Slide 19
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OUTLINE

e Background on importance of structural life enhancement

¢ Description of structural life enhancement research

-~ Aging aircraft
— Structural integrity of composites

—~ Dynamics & loads
e Payoffs

e Summary




AIR FORCE AGING AIRCRAFT
: (AS OF 30 SEP 92)

ARS;

-
b=
—

oC-141

[ ]
FIFB-111

- [ A I I
200 300 400 500 600 700 8o

AVERAGE AGE (Y

NUMBER OF AIRCRAFT
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TECHNOLOGY FOCUS AREAS

-Damage/ Life/ Risk Assessment
- WFD/ MSD/ MED

- Corrosion/ Fatigue

* Repairs & Life Enhancement Techniques

- Repair Integrity Analysis & Airworthiness Verification

- Life Enhancement Techniques







WFD / MSD / MED

FISCAL YEAR

(3K)

TITLE PE. 93 94 95 96 97 98 99 00 O1
I T I I 1 T
Widespread Fatigue Damag FAA
: [ A T V1T
Oevelopment of Anslysis Methods for 6.1
Prediction of Muit-Site Damage and
Crack Coalescencs (W.G. 2)
Anaiysis Methods of the Detrimental 6.2 // 3 "f ) \
Effects Dus to WFD PROF /
Determination of Initia! Quality for 8.2 ’ |

Structural Life and Risk Analyses

Crack Formation and Growth from
Manufacturing and Service-induced
Defects (W.G. 3)

3-D Nonlinear Fracture Predictions (W.G. 2)

MODGRO - Upgrade

Fracture Machsnics Analysis

Application of Risk Analysis to MSD

PROF - Upgrade

6.1

8.2

N
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NASA

- ( ALC'S

6.2/FAA
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] wright Lab Funding
Supplemental Funding

D Over-Ceiling Requirements
L__] Qutside Activities

WFD /MSD /MED FISCAL YEAR ($K)
TITLE PE. 93 94 95 96 97 98 99 00 Ot
Damage Tolerance Handbook - Upgrade | 8.2 VGRER - @
1
Integrated Analysis - Fuselage NASA
Structures Demonstration for WFD &3 @@ _l——>L
> T
WFD Data Base for Aging 8.2 EZ? / 2 :
Alrcraft Service Experience ——
. F-15 Fatigue Test 8.4/ASC e l [.. @‘w <J
LEGEND: —J Wright Lab Funding 3 Over-Ceiling Requirements

Supplemental Funding

[ outside Activities
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CORROSION/FATIGUE  FISCALYEAR ($K) 1

TITLE PE. 93 94 95 96 97 98 99 00 Ot
Degradation Due to Mechanicail 6.1 : :
and Environmentai Loading (W.G. 4) l I l
Corrosion and Fatigue of Aluminum 8.1
Alloys: Chemistry, Micromechanics

and Reliability (W.G. 4) '

Analysis Methods for Corrosion/
Fatigue

Corrosion/ Fatigue interaction

Enviror Ily Assisted Fatigue

Effects of Corrosion on Fatigue
Crack Propagation

Fretting Corrosion at Riveted and
Plnned Connections (W.G. 3)

Analysis Methods for Fretting Fatigue
and Corrosion

Durability Handbook-Upgrade . ( ALC's

LEGEND: Wright Lab Funding D Over-Ceiling Requirements
temental Fundin: Outside Activities

CORROSION / FATIGUE

TITLE 93 94 r95 96 97 98 99 00 01
I l

Adyv. Instrumentation for Detection
of Def. and Corrosi luding
Laser-8ased Ultrasonics, Optical NDE
and Backscattering (W.G. 1)

T T
Sensor Development for a Heaith : //,//// 7 %//

Monitoring System 277 m//// ,

Sensor Development for Corrosion
and Corrosive Environments

ALC's )

Corrosion/Fatigue Envir | Test
Techniques

=
¥
/

Corrasion/Fatigue Data Base lor
Aging Aircratt Service Experience

LEGEND: D Wright Lab Funding D Over-Ceiling Requirements
:] Supplemental Funding [j Outside Activities
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REPAIR INTEGRITY ANALYSIS
AND AIRWORTHINESS VERIFICATION FISCAL YEAR (SK)

TITLE PE. 93 94 95 96 97 98 99 00 o1
1 ] L
Bonded Composite Repair FAA | 7 ]
Composite Patch Repair of Metallic 8.1 /_\J
Structures Repair
Analysis
Code l
Advanced Composite Repair of Metallic Str.] 6.2
Analysis and Airworthiness Verification 8.2 t_';‘,fW /%, AN o . @
of Composite Repairs for Metailic Str. o .
S ixd
Composite Repair of Metallic Structure 8.3 ‘ |
Repair Technology Handbook 8.2 __‘
IS - .
Advanced Technology Redesign of Highly | 8.3 S / ot ]———> ALC
Loaded Structures Ll ///A’ s
I Repair
v Oy Analysis
External & Internal Loads Handbook 6.2 ﬁﬁﬁﬁ/x Code
Force Management Handbook-Upgrade 6.2 %M// gt
r/, s
Repair Data Base for Aging Aircraft Service| 6.2 L
Experience

LEGEND: Wright Lab Funding D Over-Ceiling Requirements
(] supptemental Funding [__] Outside Activities
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“,"/}n_(;[; EDT TECHNIQUES

P

LIFE ENHANCEMENT
FISCAL YEAR ($K)

TECHNIQUES
TITLE PE. 93 94 95 96 97 98 99 00 o0t
Cold Working of Fastener Holes FAA
3 7 T ALC's
Structural Life Enhancement Handbook 6.2 4% ///'/ : -
Structurat Life Enhancement Handbook - 8.2 »[ ’ .
Upgrade
t A
Development of Advanced 8.2 T, I’f
Structural Life Extension Techniques
Laser Shock Processing FAA |
Life Extension Techniques 6.3 |
Demonstration
ALC's
Life Enhancement Data Base tor Aging 6.2 ',/”//’(
Alrcraft Service Experience
LEGEND: [ wright Lab Funding [ over-Ceiling Requirements

:] Suppiemental Funding C] Qutside Activities

Yenyer



STRUCTURAL INTEGRITY OF
COMPOSITES

AN
TENSION PRELOADED IMPACT

25 PERCENT PRELOAD

STRUCTURAL INTEGRITY

OF COMPOSITES FISCAL YEAR (K)

TITLE PE. 93 94 95 96 97 98 99 00 Ot
integration of Composite Substructures 8.1 l I I

and Local Structural Response Under
Coupled Loads (W.G. 2)

Low Velocity Impact Damage 6.2 R .;17//W}7?'/ S

Residual Strength and Life Prediction 6.2 4 A .

Modeis for Composite Structures T ] - Y
PROF Upgrade - Composites 8.2 l . ‘ '

' Composite Design Guide-Upgrade 62 777 CRDA - D( ALC.‘j

LEGEND: Wright Lab Funding :] Over-Ceiling Requirements
D Supplemental Funding D Qutside Activities




DYNAMICS & LOADS

Unsteady/Separated
Flow

Dynamic Loads

- Acoustic - Non-linear Flutter
- Vibrations

Premature Failures
Costly Repairs

DYNAMICS & LOADS FISCAL YEAR ($K)
TITLE PE. 93 94 95 96 97 98 99 00 ot
Flight Loads FAA : : : . : : :
Y
External and
Loads Handboo!
Weapons Bay Acoustics 6.2 A ,/,//////// /'/'.- K
SBIR ] j
M 7 Y
Acoustics Research 8.2 IT e
Y
Buffet and Limit Cycie Oscillation 8.2 LSS S »{ ALC'S
AG/FM | YA 7
ASC
LR
Y
Comp al Aer y 5.2 L
LEGEND: [: Wright Lab Funding E:] Over-Ceiling Requirements

[J supplemental Funding [__] Outside Actlvities




STRUCTURAL LIFE ENHANCEMENT
PAYOFFS

Increased Structural Safety
Want to prevent an AF Aloha

Reduced Acquisition Costs

Extend structural life
Delay replacement of fleet

Reduced Operational Costs
Early detection/repair vs. late detection/replace

Bonus: Increase Operational
Readiness

SUMMARY

¢ Increase in importance of structural life enhancement research
- Limited number of new weapon systems

- Aging aircraft must remain in service much longer
than anticipated

|
|
- Must insure structural integrity of aging aircraft
|

* WL research plan developed that addresses structural life
enhancement issues '

- Aging aircraft

- Structural integrity of composites

- Dynamics & loads
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FAA Aging Aircraft Program

FAA
Administrator
- ADA
]
| 1
System System
Operations Development
AXO AXD
1 1
Ragulation / Technical
Cartification Canter
AVR ACT
ineering /
Fiight Alrcratt E":m ren
Standards Cartification Develo, ¢
AFS AIR ACD
Overview

¢ Background

* Issues

e Goals

* Program Plan

* Objectives / Tasks

* Accomplishments




Background

June 1988 International Aging Airplane Conference (1)

November 1988 Aviation Safety Research Act / Research Initiation

May 1989 FAA Research Program Plan

October 1990 Center for Aviation Systems Reliability

July 1992 Non-Destructive Inspection (NDI) Validation Center

October 1993 Center for Computational Modeling of Aircraft
Structures

October 1993 FAA Research Program Plan Update

June 1995 ~ Intemational Aging Airplane Conference (6) —
(Planned)

Aviation Safety Research Act of 1988

Directs FAA to:

* Develop Technologies and Conduct Data Analysis for
Predicting the Effects of Aircraft Design, Maintenance,
Testing, Wear, and Fatigue on the Life of Aircraft and
Air Safety

* Develop Methods of Analyzing and Imposing Aircraft
Maintenance Technology and Practices, Including
NDI of Aircraft Structures




Issues

* Increased Frequency of Cracking in Uniformly Stressed Areas
Leading to Multi-Site Damage that Causes Large Cracks to Form
More Rapidly Than Is Acceptable from a Damage Tolerance and
Detection Viewpoint

* Increased Frequency of Cracking in Isolated Regions of the
Structure Coupled with a High Probability that These Cracks Will
Be Undetected during Periodic Inspections

¢ The Acceleration of Fatigue by Corrosion

* The Effects of Multiple Repairs

Basic Questions

* How Long Can Structural Life Be Extended?

¢ Is the Current System Adequate?
(Techniques, Methodologies, and Analyses Used In
Design, Manufacture, Maintenance, and Inspection)

¢ What System Is Appropriate for the Future?




U.S. Transport / Commercial Airplane Fleets

Large Transport Commuter

FAR 25 FAR23/25
No. Airplanes ‘ - 5084 1144
No. Airplane Types 17 32
No. Manufacturers 5 18
No. Operators 11 117

Percent of Wide-Body Aircraft Over 20 Years Old
in the U.S. Fleet as of Year-End 1993

W

Model Total > 20 Years % > 20 Years
B-747 215 117 54 4
B-767 180 0 0
DC-10/MD11 315 93 29.5
L-1011 18 0 0
A-300 63 0 0
Total Wide-Body 791 210 26.5

Source: Boeing World Jet Airptans inventory, Year-End 1993




Percent of Standard Aircraft Over 20 Years Old
in the U.S. Fleet as of Year-End 1993

Model : Total > 20 Years % > 20 Years

B-707 133 65 48.9

B-720 ) 3 100

B-727 1182 . 593 50.2

B-737 . 1012 151 14.9

B-757 ' - 369 0 0

DC-8 ' 216 216 100

0C-9/MD80 1157 421 - 36.4

L-1011 STD Body 96 24 25.0

CONV 880 16 16 100

CONV 990 1 1 100

A-310 30 0 0

A-320 78 0 0

Total Standard Body 4293 1490 34.7

Source: Boeing World Jet Airplane Inventory, Year-End 1993

J
)

2
Percent of Wide-Body and Standard Aircraft Over 20
Years Old in the U.S. Fleet as of Year-End 1993

Type -~ Total > 20 Years % > 20 Years
Wide-Body 791 210 26.5
Standard Body 4293 1490 34.7
Total Fleet 5084 1700 334

Source: Boeing World Jet Airplane Inventory, Year-End 1993




Program Goals

Develop 'Technology for Service Life Assessment and
Extension for Metallic Structures

’ \
Develop New and Enhance Existing Maintenance, Repair
and Inspection Techniques

Integrate and Modernize FAA Information Systems
and Databases

Develop Improved Design and Manufacturing
Procedures for Future Fleet

National Aging Aircraft Research Program Plan

Structurai Maintenance
Integrity . and Inspection

LTI

Information
Systems




Structural Integrity Objectives

* A “Quick Response” Test Methodology

* Database a_nd Models of Crack Growth, Corrosion, and MSD

* Analytical Approach for Inspection Interval Determination

Structural Integrity Research Tasks

Project Tasks Completion
Commuter Structures Develop Practical

Analysis Techniques 1999
Corrosion and Fatigue Quantify Fatigue and

Corrosion Interaction 1996
Engine Life Prediction Develop Crack Growth

Based Inspection Requirement 1999
Widespread Fatigue Damage Develop Methods to

Predict WFD Onset 1998
Répair Effects Develop User Friendly

Repair Assessment Tool 2000
Flight Loads Collect Usage Data

for Analysis and Design 1997




Schematic of Typical Structural Integrity Effort
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Maintenance (and Repair) Objectives

* Fatigue and Fracture Mechanics Compatible Airframe Repairs
* Uniformity of Repairs and Maintenance

* Understanding of New Composite Repair Technology

Corrosion Control and Protection




r )
Maintenance and Repair Research Tasks
Project Tasks Completion
Repair Procedure Development Develop New In-Service
) Repair Guidelines 2000
Alternate Repair Strategies Establish Applicability of
. Bonded Composite Repair 1999
. Corrosion Protection Develop New Corrosion
Procedure Development Cantrol Guidelines 1998
Job Task Analysis . . Develop Basis for
AMT Curriculum 1998
Proficiency and Establish Limits for Airframe /
Equipment Standards Engine Repair Facilities 1997
- _
4 R

NDI Objectives

Reliable Crack Detection

* Broad Area Crack ND!

Corrosion Detection

Bond Quality Measurement

Consistent, Quality Inspector Performance

cmman comimn o -




NDI Technology Development Process

fe=~eccemccenasa '
¥ t
Development Valldation Implementation
* Center for * NDI! Validation * Airlines
Aviation System Center * OEMS
Reliability » Equipment
¢ Others*® Manufacturers
' ?
becunccccosncscesaena coemecccanae 4
* industry / Government / Acadamia

Inspection Research Tasks

Project Tasks Completion
NDI Training Provide FAA NDI Training 1996
Techniques for Flaw Detection Develop Reliable, Cost-

Effective Methods 1997
Robotics Develop Automated

Inspection System 1996
Validation Center Validate Inspection Procedures

and Equipment 1998
Engine Parts Develop Reliable Cost-

Effective Methods 1997
Visual Inspection Develop Basis for

- Technique and Aids 1995

NDI Reliability Determine System Reliability

(POD) and Effect 1997




Information System Objectives

* Provide Timely Distribution of Safety Critical Information
* Assist Aviation Safety Inspectors in Identifying Problem Areas

* Provide Comprehensive Risk Assessment Decision Support
Capability

Information System Research Tasks

Project Tasks Completion
Safety Performance Develop Automated Safety
Analysis System (SPAS) Information Collection System 1996
Safety information Network Demonstrate Integrated .
FAA / Industry Network 2000




Major Accomplishments

* Corrosion Control for Airplanes September 1991
* Generation of Spectra:and Stress Histories for
Fatigue and Damage Tolerance Analysis
of Fuselage Repairs October 1991
* General Aviation Airplane Flight Loads Data
Analysis and Collection Program December 1991
* Current NDI Methods for Aging Aircraft June 1992
* Inspection of Fabricated Fuselage Panels Using
Electronic Shearography July 1992
* Shearographic Inspection of a Boeing 737 July 1992
* Actuarial Trending / Compaonent Reliability Study and -
Engine Case ND! Development for JT9D, CF8, and
PT6 Turbine Aircraft Engines August 1992
Major Accomplishments
(Continued)
* Damage Tolerance Assessment Handbook October 1992
* Reliability Assessment at Airline Inspection
Facilities, Volume I: A Generic Protocol for
Inspection Reliabllity Experiments March 1993
* Reliability Assessment at Airline Inspection
Facilities, Volume lI: Protocol for an Eddy Current
Inspection Reliability Experiment May 1993
* Emerging NDI Methods for Aging Aircraft June 1993
* Reliability Assessment at Airline Inspection Facilities,
Volume lil: Resuits of an Eddy Current Inspection
Reliability Experiment November 1993
* Visual Inspection for Aircraft December 1994




National Aging Aircraft Research Program
1993 Research Accomplishments

National Aging Aircraft Research
Program Plan

October 1993
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-Like old age in people...
Old age in aircraft is accelerated by:
1) Increase in severe usage;
2) Increase in gross weight;
3) Improper or inadequate maintenance;
4) Inadequate protection systems; and,

5) Presence of widespread fatigue damage.

AIR FORCE LOGISTICS CENTER
PROGRAMS IN AGING AIRCRAFT

ACTIVITIES

e« STRUCTURES

ese C-141
ese C-130
oee F-15
ese SOF

e« CORROSION
ISSUES

CONCERNS
SUMMARY




AIR FORCE LOGISTICS CENTER
PROGRAMS IN AGING AIRCRAFT

Structures

e C"1 41 4 Man Hrs No Aircraft  Total No Total

Per Repair  Affected Ot Repairs  Man Hrs
WS 40S Chordwise Splice Repair 1500 244 488 732,000
Chordwise/Spanwise @ WS 405 2000 90 180 360,000
Center Wing Box Replacement 10,000 118 118 1,180,000
Coral Weep Repair
e« Weep Hole Boron Patch Repair 100 133 500 50,000
ese  Lower Wing Panel Replacement 2000 48 91 182,000
ses  Ream/Coldwork Weep Hole 0.15 244 336,000 50,400
FS 998 MLG Hub Frame Replacement 1500 488 732,000

TOTAL 3,286,400

AIR FORCE LOGISTICS CENTER
A‘ I I V I I I E S PROGRAMS IN AGING AIRCRAFT

Structures

C" 1 30 Man Hrs No Aircraft  Total No Total

Per Repair  Affected Qf Repairs Man Hrs

Center Wing Box Replacement On
Special Operations Aircraft 8oo0 52 52 416,000

Outer and Center Wing Durability Test

s==  5-Year Test at Lockheed Ontario (Now Complete)
ses  AMC C-130E Test Spectrum (Severity of 2.0)
e=» Center Wing Demonstrated 45,000 SFH; Outer Wing Demonstrated 3 Lifetimes

5-Year Fuselage Durability Test Planned To Begin FY96




F-

- AIR FORCE LOGISTICS CENTER
. PROGRAMS IN AGING AIRCRAFT

Structures
15

Fatigue Test

eee  A/B Proof of Design
ees  A/B/C/D Economical Life
eee F-15E

Flight Profile Structural impact

eee High AOA
ses High G
(11 ] ngh Q

‘Honey Comb

Advanced Materials
Field Problems

AIR FORCE LOGISTICS CENTER
A‘ I IV I I l E S PROGRAMS IN AGING AIRCRAFT

Structures

Special Operations Forces

=
=

Heavyweight MH-53J Pave Low llI

«es Modifications

ese Gross Weight Increase
ese |ogistics Plan

ese  ACE/OCM Program

HH/MH-60G Pave Hawk

ees Moadifications To UH-60s

-s Converts 10 Existing UH-60s
es Procures 93 Additional UH-&Os

see Gross Weight Increase And FWD CG Envelope Expansion
eee ASIP




AIR FORCE LOGISTICS CENTER
A( I I V I I l E S PROGRAMS IN AGING AIRCRAFT

- Corrosion

« Air Force Corrosion Program Office

15 ee

Job 1: Prevent, Detect, And Control Corrosion &
Minimize Impact Of Corrosion On Air Force Systems

Job 2: Extend Service Life Of Air Force Systems

Corrosion Costs Air Force $1+ Billion Annually
= Aging Aircraft Are A Major Cost Driver

80% Of Toxic & Hazardous Materials Result From
Corrosion Prevention & Control Efforts

Responsibilities Include (Among Many Others):

s+ Coordination of Corrosion Prevention Advisory Boards
ees Majcom Surveys

‘\ I I AIR FORCE LOGISTICS CENTER
C I V | E PROGRAMS IN AGING AIRCRAFT

Corrosion

The Air Force Corrosion Program
« |dentified Detection Of Hidden Corrosion As A

Technology Void

s+ Number 1 Logistics Need Since 1992
e+ |dentified As WR-ALC Number 3 Priority In Early 1994

e« Never Funded

Joint NASA And WR-ALC Hidden
Corrosion Detection Initiative
e« NASA Demonstrated Thermal Wave Enhanced

Thermography To WR-ALC - Nov 93

e« WR-ALC Purchased Hardware In Mar 94




AIR FORCE LOGISTICS CENTER
I S S l | E S PROGRAMS IN AGING AIRCRAFT

Technical Issues

e« Most Technical Issues Already Identified By
FAA, NASA, & Air Force

eee Resolutions Needed
e« Joint Agency Agreements To Work On Technical Issues

Generally Long Term In Nature
«e«  Conflict With Schedules/Costs

No Coherent Air Force R&D For Aging Aircraft

e« APPN 3600 6.1, 6.2, & 6.3 Funds
«ese. APPN 3600 6.4 (Applied Development) Funds

AIR FORCE LOGISTICS CENTER
PROGRAMS IN AGING AIRCRAFT

Organizational Issues

«» Warrants General Officer Steering

-+« Requires Technical Advisory Oversight

¢ No Specific Air Force Organizational Structure For
Generic Aging Aircraft Issues

«s« Coordination Across Program Office Disciplines
o Corrosion = NDI = ABDR = Advanced Composites

ee= DoD Regulations Prevent COD Engineers At ALCs From Working
Non-Operations Projects, i.e., Joint Agency Contracts




| ' AIR FORCE LOGISTICS CENTER
I S S E S PROGRAMS IN AGING AIRCRAFT

e Funding Issues

e« Long Term Issues Require More Than 1-Year Funds
@ oo ASIP Traditionally 1-Year Funded
= Congressional Support of FAA Aging Aircraft R&D

Year FAA Budgeted Congressional Supplement Total

FYa1 $6.049M $6.4M $12.449M
FY92 $13.225M $1.5M $14.725M
FY93 $20.638M $OM $20.638M
FYg4 $24.033M $3.5M $27.533M
FY95 $22.089M ——- $22.089M

NASA Aging Aircraft R&D = FY91-FY98: $45.8M

No Separate Air Force Funding For Aging Aircraft
R&D Or Applied Development

e« HQ AFMC/EN's New Start Initiative - POM Submittal FY98

AIR FORCE LOGISTICS CENTER
N R PROGRAMS IN AGING AIRCRAFT

Extending Aircraft Service Life,
Increasing Gross Weight, And/Or
Flying Aircraft More Severely Exact A
Toll On Aging.

There Are Generic Aging Aircraft
Issues Needing R&D Resolutions.

Can A Fewer Number Of ALCs
Continue To Do More Without More
Funds To Address Aging Aircraft?




AR FORCE LOGISTICS CENTER
S l ' M A Y PROGRAMS IN AGING AIRCRAFT

« WR-ALC Is Very Active In Aging
Aircraft Issues
e All Our Aircraft Are In That Category

* Technical Issues Generally Identified
= e+ Resolutions Needed

« Air Force Should Fund Aging Aircraft
- R&D And Applied Development

« Funds Are Needed ASAP
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OVERVIEW

HISTORICAL

ENSIP
» MISSION USAGE

» _DAMAGE TOLERANCE
» NDE

SUMMARY

1946 - EARLY TURBINE ENGINES HAD 25 HOURS LIFE
1952 - UP TO 160 HOURS LIFE

PRE 1969 - ENGINE SPECIFICATIONS WERE DEFICIENT IN
THE STRUCTURAL DURABILITY AREA

LIFE REQUIREMENTS

DUTY CYCLE

ANALYSIS

TESTING - NOT MISSION RELATED




IMPROVED CRITERIA APPLIED IN 1969 TO F101 AND TF34
PROGRAM

1973 - SPECIFICATION UPDATED

1976 - SCIENTIFIC ADVISORY BOARD (SAB)
REVIEW

1978 - ENSIP DEVELOPED
1979 - DADTA ON F100 ENGINE
1984 - ENSIP MIL-STD-1783 PUBLISHED

et caive

SAB ASSESSMENT

..WE NEED TO APPLY A SYSTEM OF DISCIPLINE TO OUR
DEVELOPMENT PROCEDURES

...AIR FORCE SHOULD DEFINE AN AGGRESSIVE PROGRAM FOR
ENGINE MECHANICAL AND STRUCTURAL INTEGRITY AND
DURABILITY. ..... THIS PROGRAM SHOULD BE REQUIRED BY
REGULATION

--.DURABILITY AND DAMAGE TOLERANCE ASSESSMENTS (DADTA)
SHOULD BE PERFORMED ON FLEET ENGINES ANALOGOUS TO
THOSE BEING PERFORMED ON SEVERAL WEAPON SYSTEM
AIRFRAMES




WHAT IS IT?

IT IS AN ORGANIZED AND DISCIPLINED
APPROACH TO THE STRUCTURAL DESIGN,

| ANALYSIS, QUALIFICATION,PRODUCTION, AND
LIFE MANAGEMENT OF GAS TURBINE ENGINES

» ENSURE ENGINE STRUCTURAL SAFETY

» REDUCED LIFE CYCLE COSTS

» INCREASED SERVICE READINESS




@ TYPICAL FAILURE MODES 1!

T o T T S T e

AERQELASTIC
ANALYSIS VIBRATORY RESPONSE ROTOR CRITICAL SPEEDS

THERMAL FATIGUE
TEMPERATURES

OXIDATION\
e -

BEARING LIFE

STRESS RUPTURE

CREEP DISTORTION

CONTAINMENT
MANEUVER LOADS

THE TWO BASIC CRITERIA FOR ENGINES ARE:

DURABILITY - ABILITY TO RESIST CRACKING,
CORROSION, DETERIORATION, AND WEAR FOR A
SPECIFIED TIME PERIOD

DAMAGE TOLERANCE - ABILITY TO RESIST FAILURE DUE
TO THE PRESENCE OF FLAWS, CRACKS OR OTHER
DAMAGE FOR A SPECIFIED TIME PERIOD




HOW IT'S DONE

TRACKING
AND USAGE

LOADS AND
ENVIRONMENT

DAMAGE
TOLERANCE

STRENGTH

AND LIFE DESIGN

TESTING

MATERIALS

INSTRUMENTATION

MAINTAINABILITY

INSPECTABILITY

ENSIP |

~

DIAGNOSTICS

FOD CAPABILITY

REPAIRABILITY

DYNAMIC
CHARACTER

MANUFACTURING

TURBINE ENGINE
DURABILITY
AND SAFETY

PERFORMANCE
DETERIORATION

QUALITY

ENSIP TASKS

TASK §

TASK B

TASK WV

TASK ¥

DESICHN
INFORMATION

DESICM ANAL.
COMPNT. &
MAT CHARAC.

COMPONENT
& CORE
ENC. TESTING

GROUNO &
FLIGHT
ENG. TESTS

PROD. QUAL.
CONTROL &
ENG. LFE MGT.

ENSIP MASTER
PLAN

DESKCH SERV.
LIFE & USAGE
REQUIMEMENTS

OESIGN CTEMT

*®

DESIEN DUYY
CYCLE

WATLS ANG
PROCESSES
DESIEN DATA
CHANACTERZED

STRUCTURALY
THEAMAL
ANALYSIS

MFG. ARD
AUALITY
COMTROL

* STREMGIH
TESTING

e DAMAGE
TOLERANCE
TESTS

ouRABRITY
TESTS

THERMAL
SURVEY

VIBAATORY
STRAM &
FLUTTER
BOUNDARY
SURVEY

« ENVIR. VERW,
TESTING

® (AMT) TEST SPEQ.
DERIR

* DURABRITY
TESTS (AMTY

¢ DAMAGE TOL.
TESTS

FLIGHT TEST
STRAN SURVEY

UPDATED QURNA.
& DAM. TOL.
CONTROL PLAM

PEAFRM.
OETENIOR.
SYAYC. IMPACT
ASSESSMENT

* CAITCL. PARY
UPDATE

e PROD. ENG.

ANALYSIS

STRUC, SAFETY
& DURAB. SUM.

* ENG. STRUC.

MANT. PLAN

* DIV, ENG.

TRACKING

* LEAD THE FORCE

FROG. (USAGE)

o DURA. & DAM,

TOt. CONYAOL
PLAN Pt

* TECHMICAL

ORDER UPDATE




e ey P A £ eI

MISSION USAGE

DEFINES DUTY CYCLE
» DESCRIPTION OF ENGINE USAGE IN THE AIRCRAFT

DEFINES ACCELERATED MISSION TEST (AMT)
» REALISTIC DURABILITY TEST OF ENGINE
» RETAINS DAMAGING CYCLES AND HOT TIME

THROTTLE TRANSIENTS DRIVE MECHANICAL AND
THERMAL STRESSES

- » CHANGES IN RPM, TEMPERATURE GRADIENTS

MISSION USAGE

(cont)
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TYPICAL MISSION
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MISSION USAGE

,(cont)
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LARGE STRESS VARIATION OVER SMALL TIME PERIOD
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! DAMAGE TOLERANCE
e e A = 1 PP e Pt 12t e e300
USED FOR FRACTURE CRITICAL COMPONENTS
» FAILURE OF COMPONENT CAN RESULT IN LOSS OF AIRCRAFT

» e.g., FAN DISK, TURBINE BLADE IN A SINGLE ENGINE AIRCRAFT

"TYPICAL CRACK
. . PROPAGATION

T T e

LIFE

(SAFETY LIMIT) 5 / CIMIT

112 sareTy |
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INSPECT INSPECT INSPECT
LIFE

BENEFITS OF DAMAGE
TOLERANCE

PRIMARY
» ENHANCED SAFETY

» OPTIONAL LIFE EXTENSION
» INCREASED READINESS

» LOWER OWNERSHIP COSTS

SECONDARY
» DRIVES NDE CAPABILITY IMPROVEMENTS

» DRIVES MATERIAL DAMAGE TOLERANCE IMPROVEMENTS

» REQUIRES INTEGRATED DESIGN (MFG, NDI, DESIGNERS, etc)
» ENHANCED PART QUALITY

BOTTOM LINE:
» DEFINES INTELLIGENT/COST EFFECTIVE WAY TO INSPECT




_ DAMAGE TOLERANCE

EXPERIENCE
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LOWER OWNERSHIP COSTS
EXAM PLE
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ENSIP DESIGNED F100 PW-220 VS F100-PW-100

COSTS
INCREASE - $7,600/ENGINE DECREASE - $320,000/ENGINE

MATERIAL REDUCED MAINTENANCE
MAT’L CHARACTERIZATION PARTS SAVINGS
INCREASED ANALYSIS ELIMINATE SHOP VISIT
MACHINING

INSPECTION

WEIGHT INCREASE < 1%




< OPTIONAL LIFE EXTENSION

e e e A e

RETIREMENT FOR CAUSE (RFC)

TYPICAL CRACK
PROPAGATION

[« (SAFETY |
LIMIT) FRACTURE

' / LIFELIMIT

RETIRE DISK
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NDI CAPABILITY
ENHANCEMENTS

Materlais 1 thru 6
1 & 2 std. Ni base
3 & 4 titanium alloys
S & 6 powder metals

-
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EDDY CURRENT INSPECTION
CAPABILITY
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IN SUMMARY
ENSIP HAS BEEN APPLIED ON USAF ENGINES SINCE 1978

ITIS A TOTAL ENGINE STRUCTURAL PROGRAM
REQUIREMENTS

TESTS AND ANALYSIS
LIFE MANAGEMENT

HAS PROVEN IT’S VALUE WITH INCREASES IN
SAFETY
- RELIABILITY
LIFE CYCLE SAVINGS




OC-ALC AGING AIRCRAFT

DISASSEMBLY AND HIDDEN
CORROSION DETECTION PROGRAM

DonaldAE. Nieser, P.E

OC-ALC/LACRA

Tinker AFB, OK 73145
DSN 336-3832 - (405)736-3832




PURPOSE

EXPLAIN THE C/KC-135 AGING AIRCRAFT DISASSEMBLY AND HIDDEN
CORROSION DETECTION PROGRAM AND SHOW WHY CONTINUED
USAF ENGINEERING INVESTMENT IS IMPERATIVE

TO SHOW THAT THE 'IMPROVED REFUELING SYSTEMS®, NDI
PROGRAM OFFICE AND SUSTAINING ENGINEERING FUNDING
SOURCES ARE PROVIDING THE ONLY FOCUSED PROACTIVE AND
INTEGRATED RESPONSE TO C/KC -135 AGING AIRCRAFT CORROSION
PROBLEMS

SHOW THAT FAILURE COMPREHEND AND ADDRESS THE ISSUES
ASSOCIATED WITH FLYING THE C/KC-135 NEARLY 80 YEARS
SUBJECTS DOD AIR REFUELING AND SPECIAL MISSIONS TO
INCREASED RISKS, COST AND REDUCED AVAILABILITY

BACKGROUND

UP TO NOW AIRCRAFT CORROSION HAS ONLY BEEN AN ECONOMIC
PROBLEM FOR THE USAF

- USAF SPENDS ~ $800 MILLION/YEAR

- USAF SPENDS ~ $100 MILLION/YEAR ON C/KC-135
CORROSION

CORROSION INDUCED MATERIAL DEGRADATION IS INCIDEOUS AND
TIME DEPENDENT

THE OCCURRENCES OF C/KC-135 ARE ON THE INCREASE

EFFECTS OF CORROSION ON STRUCTURAL INTEGRITY NOT FULLY
UNDERSTOOD




BACKGROUND

CORROSION IS AN ECONOMIC AND SAFETY CONCERN FOR AIRLINES

FAR EASTERN AIR 3-737 EXPERIENCED EXPLOSIVE DECOMPRESSION
AND FATAL IN-FLIGHT BREAKUP (AUG 81) DUE TO EXTENSIVE
CORROSION DAMAGE

ALOHA B-737 HAD SEVERE CORROSION BETWEEN FUSELAGE LAP
JOINTS, TEAR STRAPS AND ADHESIVE BONDING (APR 88)

- CORROSION INDUCED MATERIAL DEGRADATION CAUSED
PREMATURE WIDE SPREAD FATIGUE CRACKING

CONCENTRATION ON MULTI-SITE FATIGUE DAMAGE (MSD)
HAS DIVERTED ATTENTION FROM CORROSION

COMMERCIAL FLEET PROGRAM

FLEET DAMAGE RATE ASSUMED

Economic
design lite

Fleet Corrosion

damage damage /
rate ——
N i T

Initial 5 10 15 20 25 damage
delivery Alrplane age in ysars

—.  OBSERVED FLEET DAMAGE RATE

Economic
design lite

Flaat
damage
rale

Corrosion
damage

| —4— Faligue
Initial 5 10 15 20 25 damage
defivery Airplang age in years
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CHALLENGE

PROJECTED DOD BUDGET REDUCTIONS FORCE LIFE EXTENSION OF
EXISTING AIRCRAFT

- 60 TO 80 YEARS
" AIRCRAFT DESIGNED FOR FINITE LIFE
- DID NOT CONSIDER EFFECTS OF CORROSION
NEW SET OF TECHNICAL PROBLEMS (AGING AIRCRAFT)
WIDE SPREAD CORROSION DAMAGE

WIDE SPREAD FATIGUE DAMAGE; MULTI-SITE DAMAGE

MATERIAL LOSS DUE TO CORROSION
INTERGRANULAR CORROSION ATTACK

EMBRITTLEMENT, FRETTING

OC-ALC CHALLENGES

NO FUNDS FOR REPLACEMENT AIRCRAFT

- C/KC-135 MUST OPERATE TO 2040

- B-52 MUST OPERATE TO 2030

- E-3 E-3 INDEFINITE
CORROSION INCREASES AS AIRCRAFT AGE

DEGRADATION OF STRUCTURAL INTEGRITY UNKNOWN OR
UNQUANTIFIED AT CURRENT STATE-OF-THE-ART




C/KC-135 MISSION NEED

e CORROSION PROBLEMS AND COMBINED EFFECTS OF CORROSION |

AND FATIGUE MUST BE SOLVED TO MAINTAIN AIRWORTHINESS TO
2040

- AS AIRCRAFT AGE CORROSION PROBLEMS WILL BECOME MORE
SIGNIFICANT CAUSING SUBSEQUENT INCREASES IN MAINTAIN
EXPENDITURES AND DOWN TIME

- INCREASED RISKS OF AIRCRAFT LOSSES DUE TO CORROSION |
INDUCED STRUCTURAL FAILURES

® BEST ENGINEERING JUDGEMENT IS THAT UNLESS CORROSION IS
FOUND FIXED AND/OR ELIMINATED, CORROSION WILL REDUCE
STRUCTURAL LIFE TO LESS THAN 2040

e THEREFORE A PROTECTIVE PLAN WAS IMPLEMENTED TO ADDRESS
CORROSION ISSUES BEFORE ANY AIRCRAFT ARE LOST DUE TO
CORROSION INDUCED CATASTROPHIC STRUCTURAL FAILURES

LAP JOINT
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PROGRAM PLAN

REVIEW EXISTING AGING AIRCRAFT CORROSION AND FATIGUE
INFORMATION

IDENTIFY PROGRAM ELEMENTS THAT NEED TO BE ADDRESSED
FIND AND FUND AUTHORITIES/EXPERTS FOR EACH ELEMENT

INTEGRATE OUTPUT DATA FROM EACH ELEMENT

ESTIMATE FATIGUE/ECONOMIC LIFE OF C/KC-135 AIRCRAFT WITH
EFFECTS OF CORROSION INCLUDED

DEVELOP PLANS AND IDENTIFY MODIFICATIONS/MAINTENANCE TO
ENSURE CONTINUED AIRWORTHINESS TO THE YEAR 2040

MAJOR PROGRAM ELEMENTS

- AIRCRAFT DISASSEMBLY/CORROSION/DOCUMENTATION

- NDI/NDT DEVELOPMENT/IMPLEMENTATION

- CORROSION DOCUMENTATION/DATA BASE DEVELOPMENT
- CORROSION/STRUCTURAL INTEGRITY TESTING

- CORROSION QUANTIFICATION TESTING AND ANALYSIS

- CORROSION PREDICTION MODELING

- CORROSION GROWTH RATE TESTING

- C/KC-135 SERVICE LIFE PREDICTION AND EXTENSION PLAN
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GROWTH RATE TESTS— /

FRGRI PLAN/NIT
A/C DISASSEMBLY
MAP CURSM
FATIGUE TESTS
HDE COUPON DEMO
Ul A/C NDI DEMO
1Dl PROTOTYPE

135 SLE STUDIES

OC-ALC AGING AIRCRAFT PR PROGRAM

"PROGRAM ELEMENT SUMMARY

SCHEDULE
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OUR TEAM

C/KC-135 ENGINEERING - PROGRAM MANAGEMENT

- B-52, E-3, B-1 JOINT EFFORT NDI STUDIES
- TIE - TECHNOLOGY & INDUSTRIAL SUPPORT
AFMC AND ASC TANKER PROGRAMS - FUNDING

WRIGHT LABS, ASC, NAVY, FAA, NASA - TECHNICAL
CONSULTANTS ‘

AMARC - AIRCRAFT CUTTING/SECTION REMOVAL
BOEING WICHITA - DISASSEMBLY/ANALYSIS
ARINC CORP - NDI-NDT TESTING/ANALYSIS

METRO TECH - NDI DEMOS FACILITIES

AIRCRAFT DISASSEMBLY/CORROSION/FATIGUE
DOCUMENTATION/MAPPING

IDENTIFIED AND CUT FIRST C/KC-135 (EC-135H 61-0291) RETIRED
INTO 300 SECTIONS ALSO SECTIONS FROM B-52 AND B-707 AIRCRAFT

APPROXIMATELY 200 SECTIONS INVASIVELY DISASSEMBLED AND
CORROSION DOCUMENTED

LIGHT TO MODERATE CORROSION IN MANY HIDDEN AND
INACCESSIBLE AREAS

SEVERE CORROSION BETWEEN STEEL MAIN LANDING GEAR
TRUNNION AND TOP SURFACE OF BOTTOM WING SKIN (REPLACED
1978 ECP405) ‘

SEVERE CORROSION BETWEEN WING SKIN AND SPAR CAPS




CORROSION DETECTION NDI OBJECTIVES

LOCATE COMMERCIAL OFF-THE-SHELF NDI EQUIPMENT

- STATE-OF-THE-ART

- WIDE AREA RAPID SCAN AND PRECISION/FINITE

SATISFY IMMEDIATE CRITICAL CORROSION DETECTION NEEDS
- LAP SEAM/DOUBLERS

- WING SKIN FASTENER AREAS

PROTOTYPE SELECTED EQUIPMENT FOR DEPOT
IMPLEMENTATION

- C/KC-135/B-52/E-3

CORROSION NDI DEVELOPMENT MILESTONES

INDUSTRY SURVEY (JUNE 92)

EQUIPMENT/VENDOR DEMONSTRATION ON AIRCRAFT SAMPLE
COUPONS (SEPT 92)

- INVASIVE DISASSEMBLY OF COUPONS (JAN 93)
- QUANTIFICATION OF ACTUAL CORROSION (FEB 93)

- COMPARATIVE ANALYSIS OF VENDOR RESULTS VS ACTUAL
CORROSION (MAR 93)

ON-AIRCRAFT DEMONSTRATION OF NDI EQUIPMENT IN OVERHAUL
ENVIRONMENT (JUNE 93)

SELECTION OF PROTOTYPE CORROSION NDI EQUIPMENT (FY 94)




CORROSION QUANTIFICATION
h BY WRIGHT LABS

TOPOGRAPHIC RADIOSCOPY (TR)
RADIOGRAPHED EACH CORRODED SURFACE
PERFORMED A DENSITY SCAN OF RADIOGRAPHIC IMAGES

CREATED COMPUTER ENHANCED COLOR IMAGE OF DENSITY
VARIATIONS

OVERLAY TWO SHEETS REPRESENT CORROSION BETWEEN
LAYERS :

‘COUPON DEMONSTRATION
-~ REVIEW

* Held at Metro-Tech Aviation Career Center, Oklahoma
City, Oklahoma Jun-Sept. 92.

— Twelve Test Coupons
- Six lap joint/six wing panel
— Two baseline coupons per problem set
— Boeing 727 Lap Joint
* Participation
— Vendors Involved: - 32

-~ Vendors Participating ;
& Providing Data: 15

— Non-Vendor Representatives

* Technologies Represented: Eddy Current, Ultrasonics
Radiography, Thermal Image, D-Sight, Shearography,
and Acoustic Emission




COUPON 39
'EDDY CURRENT RESULTS

Detection False Calls

ON-AIRCRAFT
'DEMONSTRATION REVIEW

Held at OC-ALC May 10 to May 26, 1993
On Aircraft #2671

- Four Vendors Inspected Lap Joints Using The
Following NDI Technologies:

~ Eddy Current
~ Enhanced Visual
— Thermal Imaging

— Seven Vendors Inspected Wing Skin Fastener
Countersinks Using The Following NDI
Technologies:

~ Eddy Current

— Ultrasonic
~Magneto Optic

— Enhanced Visual
- Thermal Imaging




AREA 1 VENDOR IMAGE
COMPARISON

.
o 9 ¥ 9 s e N EEA N ENE NEENNEN
1 .

Materialloss: [J 0-2% B 3-5% 6-8% B9 -117% M12-14% E15%up

FASTENER COUNTERSINK
- INSPECTION AREA

\

* Selected area on KC-135 upper wing
containing 95 fasteners

* Criteria for selection:

— Variety of fastener sizes and
thicknesses

— Know corrosion problem areas




FASTENER COUNTERSINK
"' - RESULTS

| M Detection MFalse Calls]

STRUCTURAL INTEGRITY TESTING

ASSESS EFFECTS OF CORROSION ON STRUCTURAL INTEGRITY
SPECIMENS FROM 30+ YEAR OLD C/KC-135 AIRCRAFT WITH AN
WITHOUT POSSIBLE CORROSION AND LAB GROWN SEVERE
CORROSION

- FUSELAGE LAP JOINTS (2024-T3,-T4 AND 7075-T6)

- UPPER WING SKINS (7178-T6)

STRESS VS CYCLES TO FAILURE FATIGUIZ TESTS
CRACK PROPAGATIOM FATIGUE ;I;ESTS

RESIDUAL STRENGTH FATIGUE TESTS




STRUCTURAL INTEGRITY TESTING (CONT.)

FRACTOGRAPHIC ANALYSIS AND CORROSION QUANTIFICATION
AFTER TESTING AND INVASIVE DISASSENBLY

LAB-TO-LAB STANDARD AND PRELIMINAKY TESTS COMPLETED

TESTING FY 94 - FY 95

STRUCTURAL INTEGRITY TESTING

ROUND ROBBIN TEST LABS

BOEING - WICHITA KANSAS

ALCOA RESEARCH CENTER PENNSYLVANIA

NAVAL AIR WARFARE CENTER (NAWC) PENNSYLVANIA
WRIGHT LABS (WL/FIBE) WRIGHT PATTERSON AFB OHIO
UNIVERSITY OF UTAH

OC-ALC/TIE TINKER AFB OKLAHOMA




CORROSION AND AGING AIRCRAFT
ROUND ROBIN TESTING
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CORROSION INFORMATION SYSTEM

DEVELOP COMPUTERIZED DOCUMENTATION SYSTEM FOR STORAGE,
RETRIEVAL AND MANIPULATION OF CORROSION DATA

"DEFINE SYSTEM FUNCTIONAL DESCRIPTION
- CQéROSlON DATA FORMAT
- SOFTWARE REQUIREMENTS
- INTERFACE REQUIREMENTS

DEMONSTRATION/PROTOTYPE 3rd QTR FY94

CORROSION GROWTH RATE TESTING AND ANALYSIS

DETERMINE CORROSION GROWTH RATES AS A FUNCTION OF
MATERIAL, ENVIRONMENT AND OTHER VARIABLES

PLACE C/KC-135 AIRCRAFT SECTIONS AT SEVERE CORROSION
STATIONS AROUND THE WORLD

- PERIODICALLY DISASSEMBLE PORTIONS AND QUANTIFY
CORROSION

- INSTALL CORROSION SENSOR/DETECTOR
INITIAL PLACEMENT AT JEDDAH AND RIYADH, SAUDI ARABIA DEC 93

OTHER LOCATIONS OR METHOCOLOGIES (TBD)




CORROSION PREDICTION MODELING

DEVELOP EMPIRICAL/MATHEMATICAL RELATIONSHIPS
- EXISTING DATA
- PROGRAM GENERATED TEST DATA
- PROBABILISTIC APPROACH

PLAN AND TEAM MEMBERS TO BE IDENTIFIED JAN - FEB 94

C/KC-135 SERVICE LIFE PREDICTION AND
EXTENSION STUDIES

DETERMINE STRUCTURAL LIFE WITH EFFECTS OF CORROSION
INCLUDED

UPDATE STRUCTURAL INTEGRITY PROGRAM

CONDUCT FAILURE MODES AND EFFECTS ANALYSIS/RISK ANALYSIS
DEVELOP PLANS AND IDENTIFY MODIFICATIONS/MAINTENANCE
ACTIONS TO ENSURE CONTINUED AIRWORTHINESS TO THE YEAR
2040

CONDUCT COST BENEFIT/BREAK EVEN ANALYSIS OF
MODIFICATIONS/MAINTENANCE VS. NEW AIRCRAFT/ACQUISITION

PRELIMINARY LIFE PREDICTION AND PLAN 2nd QTR FY95




SYSTEMS APPROACH

Structural Improvements
- Corrosion Probabilistic Model

- Corrosion Growth Rate Test
- Acft Disassembly

- Corrosion Fatigue
Testing
- Alternate Materials

- Chem Mill Skins
- Other ’

Maintenance Cost

Reduction

- Corrosion Data Base

- NDI Evaluations

- Corrosion
Quantification

-CPC’'s

- Other

C/KC-135 LIFE EXTENSION

Programmatic Recommendations

- Engineering Integration

USAF C/KC-135 ENGINEERING INVESTMENT
ESSENTIAL FOR 21ST CENTURY OPERATIONS

- Service Life Extension Study
- FY96/98 POM Input Planning

Operational Req
Validation

! Notlonal New

Nz

ISLEFY:-‘(:PDM"\M ]—o Aoqu\shion (R&D’ ............................................. .
[:SLE Gosoopt Planning: ]~ :
§ SLE Mods Begin
Period of Enginsering Invoslmonl-; Y : .
43 Years !  C/KC-135 Option 40 Years
1 [ ] 7 1
1957 1960 1970 1880 1990 2000 2010 2020 2030 2




FUTURE INITIATIVES 1995 - 2000

EXPAND NDI EQUIPMENT DEVELOPMENT

- CORROSION AROUND, WING SKIN FASTENERS, BETWEEN WING
SKIN AND SPARS

ADDRESS INTERGRANULAR/EXFOLIATION AND STRESS
CORROSION/CRACKING

IMPLEMENT CORROSION DETECTION EQUIPMENT AT ALL C/KC-135
PDM SITES

INVESTIGATE ROBOTIC OPERATED CORROSION DETECTION NDI
EQUIPMENT

EXTEND STRUCTURAL INTEGRITY TESTING AND ANALYSIS

- FULL SCALE TESTING OF FUSELAGE SECTIONS

FULL SCALE FATIGUE TESTING OF CORRODED WING SKIN

FUTURE INITIATIVES 1995 - 2000

PREPARE C/KC-135 SLEP POM INPUTS




CONCERNS

LACK OF SCIENTIFIC KNOWLEDGE OF AGING AIRCRAFT CORROSION
AND ITS EFFECTS ON STRUCTURAL INTEGRITY

NO CONCENTRATED EFFORTS TO SOLVE THESE PROBLEMS

THEREFORE OUR PROGRAM HAS HAD TO ADDRESS AREAS THAT
SHOULD BE COVERED BY THE LABS

ASKED TO DEVELOP STRATEGIC PLANS AND MOA/MOU BETWEEN
OC-ALC AND NASA, FAA AND THE NAVY TO FORMALIZE OUR
WORKING LEVEL COOPERATIVE/COMPLIMENTARY EFFORTS

THE SCIENTIFIC COMMUNITY, NASA, FAA & NAVY RECOGNIZE THE

SIGNIFICANCE OF THE OC-ALC AGING AIRCRAFT CORROSION
PROGRAM

RECOMMENDATIONS

ESTABLISH A USAF AGING AIRCRAFT COORDINATING
ORGANIZATION, PROGRAM OFFICE, OR CENTER OF EXCELLENCE

EXPAND AND ENLARGE AGING AIRCRAFT CORROSION R&D AT
WRIGHT LABS, AFOSR AND THE NAVY

ESTABLISH AND STAFF A CORROSION TECHNICAL ORGANIZATION AT
WRIGHT LABS (ML OR Fi)

ESTABLISH AN OFFICE OR ORGANIZATION TO COORDINATE AGING
AIRCRAFT EFFORTS BETWEEN ALL GOVERNMENT AGENCIES,
USAF, NAVY, FAA, AND NASA -




CONCLUSIONS

BUSINESS "AS USUAL" WILL NOT ENSURE THE CONTINUED, COST

EFFECTIVE AVAILABILITY OF AGING C/KC-135 AIRCRAFT

CONSIDERABLE INFORMATION IS NEEDED TO ESTABLISH
C/KC-135 AGING AIRCRAFT INITIATIVES THAT CAN BE
IMPLEMENTED THROUGH AIR FORCE MAINTENANCE AND
PROCUREMENT PROGRAMS — UPFRONT INVESTMENT IS
CRITICAL

SCIENTIFIC EFFORTS NEEDED

NDI EQUIPMENT FOR DETECTING INTERGRANULAR
CORROSION AROUND WING SKIN FASTENERS

CORROSION QUANTIFICATION
CORROSION GROWTH RATES
EFFECTS OF CORROSION ON:
- FATIGUE STRENGTH

- RESIDUAL STRENGTH

- STATIC STRENGTH

PROBABILISTIC MODELING OF CORROSION




WORLDWIDE AGING
AIRCRAFT PROBLEM

OC-ALC CORROSION PROGRAM
- PROVIDE BASELINE/SOLUTIONS TO OTHER
USAF AGING AIRCRAFT

USAF CORROSION PROBLEMS
- PARTS OF LARGER DOD AND WORLDWIDE
AGING AIRCRAFT/CORROSION PROBLEMS

COORDINATION WITH OTHER AGENCIES
- OTHER ALC’S

- USAF LABS

- NAVY

- FAA - AIRLINES

- NASA

- ACADEMIA
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LASER SHOCK PROCESS
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PROPERTY IMPROVEMENTS

Fatigue life

Fatigue strength

Fretting fatigue resistance
Surface hardness

Thin section strength

Relieve residual weld stresses

OO-ALG/LAAS F-16 STRUCTURES /




INCREASE IN FATIGUE LIFE

2024-13 Aluminum (@ 15,000 psi)

25

=160
Unshocked

50

Annular Solid

40

30

-120

Log N (cycles)
OO-ALG/M1AAS F-16 STRUCTURES

Increased Fatigue Strength
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RESIDUAL STRESS PROFILES
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LSP Slows Growth of Existing Crack 7

2024-T351 Aluminum ( @ 15,000 psi)
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_0.25 0.45 region ,-I\ - crack
Lo X ] l )
Precrack ‘ Failure TN
Cycles for crack

growth to given length Laser Shock Pattern
OO-ALG/N1AAS F-16 STRUCTURES

Hole
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RELIEVE RESIDUAL WELD STRESSE

400

2

After Welding

| Before Welding
After Welding
+LSP

Yield Strength, MN/m

5086-H32 .
Aluminum Aiuminum
OO-ALG/1.AAS F-16 STRUCTURES

O

Cracks to Failure

Treated Areas

Untreated LSP Treated

33,000 Cycles 92,000 Cycles
to Failure to Failure J

OO-ALG/NLAAS F-16 STRUCTURES




~

F-16 GUN PORT BOLTS

Cotter Fin Hole
(Location of Bolt Failures)

FATIGUE TESTS RESULTS
F-16 GUN PORT BOLTS

Standard

LSP# 1

LSP# 2

10,000

\ ‘Cycles
OO-ALGLAAS F-16 STRUCTURES




Power/signal cables Main
Instrumentation
System

AEM

[ Preamplifiers
Advanced

Strain Gauge

Lmissions

Monitoring , s
LU D) 1/
.. ’-‘ \ :

System - /

acoustic’
i
cmission.~ /%

Structure

AN

\/

Sensors

OO-ALG/LAAS F-16 STRUCTURES

Comparison of Acoustic Emission Results with 44
Defects Detected by Eddy lCurrent (Canadair 31 Aug 90)
Acvwstic Emission Signale !

I
1
'
1
'
1
]
'
1

Distance from Wing Centre (metres)

OO-ALG/LAAS F-16 STRUCTURES
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BORON/EPOXY FOR FUEL VEN T HOLE

BORON/EPOXY TAPE
350 DEG CURE

N 0 TES . . . .S ‘{-7 “ j
1. Plies to drop in symmetric

. . . unm ’O I'A!
pairs as shown in section X. _—

2. .25 " min between ply drops o .
in all directions. NI

- 443
0

3. Thickness of section X not
to scale.

g -
A ]\ SECTION X
s . 1
k 245 - [ -

OO-ALC/LAAS F-16 ENGINEERING
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Fatigue Lives of Riveted Repair
(Effect of patch selection)

o Fatigue conditione:
R = 0.05, { = 10 Hz
- Room tamp, lab air

.-.._\‘_Q.85 mm GLARE 3

tapered 2024 * %
. Sl

\\\ Tl

- @ross skin stress, MPa

L n Lo ae.a I i [ - ! )

200 300 400

Cycles to failure (thousands) /
OO-ALG/LAAS F-16 STRUCTURES

/[#c»]]

Maximum Adhesive Shear Strain
(over crack location)

. Repair Conditions:
RS carborVepoxy Skin: A) 7070-T6, t =1.76 mm
e B T e Crack Length: 70 mm
T T T temen T 7] Adnestve: AF-163-2, 1 = 0.13 mm
~ .
0.08 - - . Patch Widih: 80 mm
| . \’\\ Patch Length: 180 mm
S~ . - - ‘ . ..
0.08 | DOrON/BpOXy™ =« — e T AL 4V

0.04

2024-T3

max. adhsesive shear strain

0.50 1.00 - 150 2,00 |
\ palch thickness, mm J
OO-ALG/LAAS F-16 STRUCTURES
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Crack Patching Effectiveness
(Reduction of K, no thermal effects)

L ot e 2024-13
bororyepoxy *, -7 7 .
#7 TI6AI4V
i R4 ’o"‘
.
"‘;// O’
//o’
/) Skin: Al 7078-76, 1~ 1.76 mm
et Crack Langth: 70 mm
m//, CarborVepoxy Adhesive: AF-163-2,1=0.13 mm
/ Patch Width: 80 mm

, ) . R Patch Ll.nmh: 180 mm

0.40 0.80 1.20 1.60

K reduction, %

Repakr Conditiens:

o

2.00
paltch thickness, mm

OO-ALG/LAAS F-16 STRUCTURES

\

Crack Patching Effectiveness
{Reduction of K, thermal effects included)

Mepele Conditions:
ssie: A1 707970, 1< 1.75 e

Adhostve: AF-183-2, 1= 0.13 mm| 2024_7-3
Crack Length: 70 mm

["Patch widih: 80 mm
Potch Longth: 180 mem

B

ST S PO

K reduction, %

bororyepoxy -

u-—" —e¥

[ &

=

- ®---- [ R ]

/"""carbor;/epoxy

1 A A A 1

0.80 1.20

2.00
patch thickness, mm

OO-ALG/LAAS F-16 STRUCTURES
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SM-ALC - AGING AIRCRAFT WORKING GROUP MEMBERS
* NON DESTRUCTIVE EVALUATION

ALBERT ROGEL, TIEE, DSt 633-3147
SM-A1 G HDI MANAGER

DON BAILEY, TIELD, DSII 633-5476
MATERIALS ENGINEERIMNG TECHTIGIAN

* STRUCTURAL INTEGRITY ASGESSMENT AND
LIFE EXTENSION METIIODOLOGY DCVYELOPMENT

BH.L SUTHERLAND, I.AFI'E, DSM 633-4224,
CHIEF, F-111 / A-10 STRUCTURAL ENGINEERING

* MATERIAL BEIHAVIOR
JOHN MEIINGER, TIELC, DSN 633-2451
MATERIALS ENGINEER

« CORROSION

DAN DUMHAM, TIEE, DSH 633-3147
SM-ALC CORROSION MANAGER

F-111 ASIP REVIEW SUMMARY

AIRCRAFT HISTORY / STATUS

EF-11A STRUCTURAL INTEGRITY ROADMAP

F-111 STRUCTURAL PRODBLEM CATEGORIES




F-111 INVENTORY SUMMARY 1 MAY 1994

MODEL NUMBER OF AIRCRAFT
PRODUCED | ATTRITED | RETIRED|CONVERTED |IN-SERVICE

F-111A 30 5 25 0 0

PRE-PRODU

F-111A 39

PRODUCTION

46
(42 EF-111A)
(4 F-111C)

EF-111A 0 o

{42 CONVERTED FROM F-111A)

F-111D 96

F-111E 94

F-111F Y 0
36

{F-111Q)

15
(F-111C)

FB-111A 76 26

F-111G 0 21

(386 CONVERYED FROM FB-111A)

F-111C 24 7 0 0

AAAF (¢4 CONVERTED JROM F-111A / +1S CONVERTED FR(M F-111G)

TOTALS 555 127 244 N/A

C— « DELIVERY OR CONVERS!ON PERIODS

F-111 OPERAT/ONAL HISTORY == . RETIREMENT PERIODS (AS OF 1 JAN 94)

CALENDAR YEAR
MODEL ularluiulro nIr:lralnln nlnlnln]eo aululua]ulu "lululul”“lflnln[”

F-111A o

ALL RETIRED, EXCEPT 4 ACFT
SOLD| TO RAAF, 19B1-1982

F-111A DELIVEFIES A CONVERSION

- |
EF 111A = & 40 ACFT [N SERVICE
REQUIRED SERVICE|{LIFE = 2017

F-H1D —

L RETIRED

26 ACFT IN[SERVICE
RQD SHERVICE LIFE { INDEFINITE

81 ACFT|IN SERVICE
F-111F DD SERVICE UIFE - 1999,
UT EXPECT BXTENSION

FB-111A IR

/ F-111G ALL R4 TIRED, EXCEPT 15 F-11a
SOLD 1O RAAF, 1993-1894




F-111 FLIGHT TIME SUMMARY - 11 JAN 94
FLIGHT HOURS
HIGH

EF-111A

EF-111A FLIGHT HOUR PROJECTIONS
BY CALENDAR YEAR e 300 HOURS PER YEAR

FLIGHT HOURS - THOUSANDS

EF-111A 1V-SIP
[ ]

16

14

12
L111A TOTAL [FLIGH

(HIGH, MEAN] LOW)

|1

//

T
////
L (e FLIGH

HIGH

D F-11
LATIO

T

02



EF-111A STRUCTURAL INTEGRITY ROADMAP  (SM-ALC/LAFFE/MAR94)

CALENDAR YEAR
9||92 9:194]95 Oolsr[aslssloo o1|ozl°3|ot[06 oeID?Ioanollo ||l|2||3lul|5 lelnlnlwlzo
PROGRAMMED DEPOT

RECURRING REQUIRENMENT - INSPECTION INFERVAL = 1500 HOURS
MAINTENANCE (PDM)

ACTIVITIES

COLD TEMPERATURE pum
PROOF TESTING Hi-sip

IV-SIP

NACELLE FORMER = OME-TIME TCTO e PI
REPAIR

ICARRY THRU BOX / INLEY
= ONE-TIME PDM TASK
INTERFERENCE REWORK

BOLT HOLE COLD
WORK MODIFICATION —_— ONE-TIME TCTO o P{

STANDARD FLIGHT DATA IFICATION IN$TALLED o POM
RECORDER MOD {SFDR)

F-111D WING SWAP

+ ONE-TIME TCTO o 1V-

HIGH TIME F-111A ONE-TIME[ENGINEERING TASK - TO BE

SCHEDULED
TEARDOWN INSPECTION SHOULD BE DONE BY TH

YEAR 2000.

F/EB-111 STRUCTURAL /\IHU\NGENIEy

nna




F-111 STRUCTURAL PROBLEM CATEGORIES
CATEGORY CHARACTERISTICS GENERAL SOLUTIONS

STRESS-CORROSION 7079-T6 ALUMINUM PLATE IN PDM INSPECTION & REPAIR
CRACKING FORWARD FUSELAGE FRAMES, HAMPERED BY IMPROVEMENTS
LONGERONS, BULKHEADS, & IN TANK SEALING PROCESS
MISCELLANEOUS FITTINGS SOME COMPONENT REPLACEMENTS
(MLG CENTRAL TRUNNION)
(UPPER TUNNEL TRUSSES)

BONDED STRUCTURE 1960s BONDING TECHNOLOGY FIELD & DEPOT INSPECTION

DELAMINATION AND . UNPRIMED SKINS AND REPAIR

BARE CORE
CORROSION DESIGN CHANGES IN REPAIR AND

NEW MANUFACTURING
CORROSION TREATED CORE

PHOSPHORIC ACID ANODIZE
ADHESION PROMOTING PRIMERS

PDM INSPECTIONS / REWORK:

MAGNETIC RUBBER - EVERY CYCLE
FATIGUE CRACKING LOW TOUGHNESS PROOF TEST - EVERY 2ND CYCLE

MECHANICAL REMOVAL OF CRACKS

D6AC STEEL HIGH STRENGTH

VERY SMALL CRITICAL
CRACK SIZES RECONFIGURE GEOMETRY OF

CRITICAL AREAS
CRITICAL AREAS ON BOTH

COLD WORK OF UPPER
;'E[;‘JES&;ON AND COMPRESSION LONGERON HOLES AND SOME

HOLES IN WING CARRY THRU BOX

PDM / ASIP NDI PROGRAM (EF-111A BASELINE)

WING CARRY THRU BOX FS496 NACELLE FORMER

% UPPER PLATE NO-LOAD BOLT HOLES POST-FLANGE INTERSECTION
V X UPPER PLATE SEALANT INJECTION HOLES *k TIE LINK LUGS
K LOWER PLATE FORWARD CORNER i’l‘_’gxgg FLANGES
LOWER PLATE LUG
OUTBOARD BULKHEAD HOLES % SPIKE ISLAND TAB

OUTBOARD BULKHEAD UPPER AFT CORNER MLG SUPPORT STRUCTURE
A FORWARD POSTS

v LOWER PLATE STIFFENERS

SHOCK STRUT SUPPORT, 12B10521
WING PIVOT FITTING/WING BOX DRAG BRACE SUPPORT, 12810502
LOWER LONGERON, 12810571
Yk UPPER PLATE STIFFENER RUNOUTS RETRACT ACTUATOR BRACKET
4 UPPER PLATE FUEL VENT HOLES UPLOCK HOOK
LOWER PLATE LUG

SHEAR LUG
4 SHEAR RING EUSELAGE (GENERAL

LOWER WING SKIN ® INBOARD PYLON
* WELD ZONE REPAIRS

A NACELLE TIE LINK
*12B4802 INTERCOSTAL :

FS 770 HORIZ STAB SUPPORT STRUCTURE § copmmosiioh toNaeron
*PIVOT SHAFT RELIEF HOLE *FORWARD FUSELAGE FRAMES

UPPER GLOV
7k PIVOT SHAFT RELIEF HOLE (EXPANDED AREA) ,*l, SLOVE ROUTING TUNNEL
K PIVOT SHAFT CLEVIS HOLES *gggvt Z%Aomt:itoon TRUSSES
A PIVOT SHAFT TOOLING HOLE

SPEED BRAKE ACTUATOR BRACKET
% CENTER BULKHEAD LOWER LUGS FS 449 LONGERON SPLICE

LEGEND:
& - CRACKS BEING FOUND BY NDI
{/ - PROBLEM DISCOVERED BY PROOF TEST fAs oF 1 ocT 93
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Purdue University

Research Team
]

m School of Aeronautics & Astronautics
— A. F. Grandt (PI)
- T. N. Earris
- C.T. Sun
m School of Mechanical Engineering
- B. M. Hillberry =

m School of Materials Engineering
- E. P. Kvam a

" m School of Statistics
-~ G.P. McCabe

Purdue Struciural integrity Progrom

Aging Aircraft -- Key Issues

m An older aircraft may contain prior service
induced damage '
- fatigue '
- corrosion
~ frefting
-~ accidental damage

m When does such damage compromise
safety or limit economic operation?
- How does discrete site damage form/grow?
- How does multiple-site damage limit safety?
- How may damage be detected?
- How may damage be repaired?

Purdue Structal Integrity Progrom




Overview of Aging Aircraft Issues

—O—0O
/

inelastic behavior

How does service induced damage Spectrum loading
eftect life of an older aircraft ? Environmental altack

How does corrosion, fretting, fatigue Inelastic behavior
form?

How does it grow, coalesce?
When does it compromise safety?
How can it be delayed/repaired?

Complex structure
Prior service/repair
Unknown conditions

Purdue Structurol integelty Progrom

Overview of Current Projects
. |

m MSD

- Residual strength

~ Fatigue life

- Parametric study

- Probabilistic analysis

m Corrosion/fatigue
- LEFM quantification of corrosion
- da/dN in retired a/c
~ Breaking load characterization of corrosion
- Crack initiation from pits

m Tribology/Fretting
m Composite patching




Lead Crack Residual Strength

m Airplanes are designed to safely contain large cracks
from unexpected damage sources (e.g. engine burst)

TWO BAY LONGITUDINAL SKIN CRACK
WITH CENTRAL BROKEN CRACK STOPPER
ATUMITLOAD - -

HOOP LOAD DUE TO
CABIN PRESSURE

AXIAL LOAD DUE TO & ¢ i CIACK STOPPER PLUS
PRESSURE AND s P SHEAR CLIP ATTACHMENT

FUSELAGE BENDING

TWO BAY CIRCUMFERENTIAL SKIN
TWO BAY LONGITUDINAL SKIN CRACK CRACK WITH BROKEN CENTRAL
PLUS BROKEN CENTRAL CRACK STOPPER STIFFENER AT UMIT LOAD
AND FRAME AT 1.5¢ PLUS PRESSURE

(From Swiit)
FUSELAGE DAMAGE SIZES USED FOR LARGE DAMAGE
SUBSTANTIATION

Effect of MSD on Residual Strength

iMSDMED
REQUIRED RESIDUAL PAOPAGATION
STRENGTH

SPECIAL

NORMAL INSPECTION INSPECTIONS
PROGRAMS OF SUSCEPTIBLE

AREAS

RESIDUAL STRENGTH

i i i

\ A

__ MONITORING _
PERIOD

FATIGUE WFD
CRACK
INITATION

FIGURE 1 RESIDUAL STRENGTH CAPABIUTY AND RESULTING
INSPECTION ACTIONS

(From Swift)




uecredase in Residual Strength
due to MSD

DECREASE IN RESIDUAL
STRENGTH

RESIDUAL STRENGTH
T 1

CRITICAL CRACK SIZE

EFFECT OF MSD ON CRITICAL CRACK SIZE
AND RESIDUAL STRENQTH

(From Swift)

Influence of MSD on 3.2 inch
lead crack specimens

Lead crack = 3.2 inch
6 holes with MSD
avg MSD crack = a*

TR T

a® =0.062
0.066 (.pss

Failure Load (kips)

RS-04a RS-04b RSD4c RS04 RS-OSa  RS-05b
M3D) MSD) MSD) MSD)  (NoMSD)  (Ne MSD)

Specimen



Residual Strength Criteria

= Kappareni
~ falls when critical stress intensity factor reached

m Net Section Yield
- fails when net section stress reaches yield

m Ligament Yield (Swift)

~ ligament fails when crack tip plastic zones touch

Llead crack

Inelastic behavior

Comparison of Various Failure
Criteria with Measured Loads

s Ligament Yield
Net Section Yield

K-apparent -

Predicted Failure Load (kips

] i 1
it

20.0 25.0 30.0
Actual Failure Load (kips)




MSD Fatigue Crack Growth
L |

Objectives:

m Develop computer algorithm to predict
fatigue life of panels with MSD
- MSD crack growth/interaction
- crack initiation at holes without MSD
~ total panel life and individual crack growth

m Evaluate algorithm with experiments on
panels with open holes

m Extend analysis to more redlistic structural
configurations

- stiffened structure
- load transfer through fastened joints

Effect of MSD on Lead Crack Life
lIIlllllllIllllIlllIIllllllllllIlIlllllllllllIllllllllllIlIIlllllllllllllllllllllllll

cyclic stress = 6 ksi 9 x 0.0% inch panel
lead crack = 1.3 in. Avg MSD =0.1inch

250000

200000 1

150000

100000 ¢

50000

0 4
4 4 10
Number of MSD cracks

SO o <7c> Oy O O
lead crack \ MSD l | 0.186" D

Purdue Structural integrity Progrovn




/" MSD CONFIGURATIONS

® 'Lead Crack' in Center. MSD at all holes.
221,09 = 1.29", 1.38" and 3.40". Typical ape=0.15".

| 9.00" |

United States Coast Guard Purdue University
Aeronautical Engineering Aeronautical & Aerospace Engineering

— i —

4 ~ ALGORITHM N

e Calculate the Stress Intensity Factor (AK) at each
crack tip.

e Compute each crack's growth rate (da/dN).

e Determine the number of cycles (AN) to grow
the smallest crack a specified amount (A):

AN = (A) / (da/dN)
® Calculate crack growth (Aa) of all other cracks:
Aa = (AN) * (da/dN)

® [terate until panel "fails".

United States Coast Guard ' Furdue University :
Aeronautical Engineering Aeronautical & Aerospace Engineering




BO(X)JL . v v y v® i

Panel Falled at Program Predicted
20.451 Cycles Failure st 20,345 Cycles

q

° g " ® i@ ‘
45 35 2.5 -15 0.5 0.5 1.5 25 . 45

Crack-Tip Distance © = Measured
=1 N ) ’
from Center of Panel (in.) —— = Predicted

Figure 4-12  Crack Propagation Diagram for MSDO4.

MSDO7 — Crack Propagation )

250000 +— r '3,4.5.@.®.8

4 Pand Iniled at Frogram Predicied [
] 179635 Cycles Vailure afier [
200000 - 191,181 Cycles |

w4

N

150000

Cycles

100000 -
50000 -

OJ:-'—J—JO’ -

45 -35 25 -15 05 05 15 35 45
Crack-Tip Distance -
from Center of Panel (in.) ° _::;:::

Purdue University School of Aeronautics & Astronautics

e




Probabilistic MSD Model

m Objective: Incorporate probabilistic
aspects to deterministic model for MSD
fatigue life

m Variables:

- initial crack sizes (eifs distributions)

- fatigue crack growth properties (use Hillberry,
Ostergaard fit of Virkler 2024-13 data)

~O- -O —O O~ -Or -O- -O-
lead crack / \ MSD

a8 N

SUMMARY OF PREDICTED FATIGUE LIVES WITH TEST RESULTS

10"
—
"
Q
(3]
)
O
Nt
Q
e
-
a 3
= 107 -
b
=
]
fx,
-]
Q
Port
o
o +
B «* ®  Type A, With lnteraciion
1. +  Type b, With thiersction
A

4
10f- I

Actual Fatigue Life (Cycles)




/

Probability damage model
combinations

Material Variability

~

%

o O
§ -0 O
|—0 -0—

variable } variable
each each
,é‘ mean panel hole
S c CASE 1
e ) — -
< = C oMo
& ®
) %Eg CASE2 | CASE4 | CASE®6
E SEE| CioM | oMo | G
©c > o P !
|
O p-2
% §, 9| CASE3 | CASES
=2 ~ —— ~ -
§§§ CieM | CieMp
S,

& . .
3§ Purdue University

e

f

Remaining life to failure

\




Probabilistic MSD Analysis
lllllllllIllIlllllllllllllIllIllllllIllIIllllllllllllllllllllllll-

Applications:

*Determine when MSD develops
-EIFS analysis for crack “initiation”

*Determine degradation in lead crack residual strength
as MSD develops

MSD

A~ i Yo

Residual
Strength

— A

<.

Purdue Structural infegrity Progrom

Representation of Corrosion Damage

Thickness Reduction Stress Concentration
(Global Damage) (Lopol Damage)

/
7

Widespread surface corrosion resulting In thickness reduction Stress concentration resulting from localized corrosion attack

1 = Original thickness listed on part drawing A. Integranutar sttack
{. = Corroded thickness (average) B. Corrosion pit

increase
stress

¢, = Depth of penetration
from the suriace
1, = Surface dimension

N
el
crack




Appiication of Fracture
Mechanics

m Quantify existing corrosion state w.r.t. remaining
life criteria:

0.06

0.05

"severe"
corrosion

=
S omf
o
b " "
Q moderate
S 003 .
o corrosion
5 - Stregs
D 00 N = constant
0,01 "mild"

/s
corrosion k

1.0 0.9 08 07 06 05 04 0.3
Thickness reduction

m Structural evaluation tool handbook format

Multi-site Damage Panel

8 holes
all holes with sym. cracks
all cracks equal length

Refs: Neussl|

Moukawsher

r=0.075in

-O- -0~ -0~ O~ -0~ -O- -O- -O-
~— Ton i)
Ain 2 1In

a

S~

[ 10.0 in >




MSD Panel Results

Al 2024-T3

height = 30.0 in

width = 10.0 in

original thickness = 0.063 in
10,000 cycles-to-failure 8 holes : radii = 0.075 in

all holes: sym. thru-cracked

max load = 8,310 Ibs

stress ratio = 0.1

ALCOA Forman law

20,000 cycles-to-failure

Effective flaw length (a, in)

30,000 cycles-to-failure

0.95 0.90 0.85 0.80 0.75 0.70
Thickness reduction (Vto)

Planned Test Program
L ]

m Artificial corrosion method

~ Alternate Immersion (ASTM G-44)

- Vary exposure to produce degrees of damage
m Material

- Al 2024-T13

m Cyclic loading
-~ constant amplitude (after corrosion)--various stress levels
- variable amplitude?
m Specimen geometries
- rectangular strips
- notched strips (holes)
- other? ~ lap-'yoint




Aged Material Response
—

m Objective:

~ Determine if cyclic and static properties of “aged”
materials differ from design allowables

m Approach:

- Measure stress-strain, $-N, and fatigue crack growth in
retired aircraft material
» (7075-T6, 2024-13, 2024-14, 71 78-16)

— Determine whether prior service degraded properties
below MIL-HDBK 5 allowables

Aged Material Response
|

m Status:
- Have 1 KC-135 fuselage lap Joint panel (7075-Té clad)
- Preliminary da/dN tests in progress
- Measure da/dN via compliance
- Need panels with varlous degrees of corrosion

Crack Measurements: Compliance vs

Optical
; '

o
-

.
»*

L G
oY

.: i : ) «
__T'_"+" e '
R £ adt Lw-""

_J,_ _4;___. -
J S
i

! i
—— e e e . —

i
:

Compliance a (in)

a1 02 03 (2] s o

Optical a (inches)




Damage Development due to

Fretting Fatigue
A

m Objective:
- determine fretting fatigue crack formation and growth
mechanisms in aircraft joints
m Approach:

~ measure effect of contact pressure, size and tangential
force on Initiation of frelting fatigue

- employ 3-d Boundary Element Analysis to calculate
stress intensity factors and predict da/dN

- employ 3-d finite element analysis to characterize
frefting zones in joints

- relate fretting fatigue to initiation of MSD in structure

Composite Patch Repair of

Cracked Metallic Structures
—

m Objective: Study basic issues that control
effectiveness of composite patch repair of
metal structures

m Approach:

- model stress intensity factor reduction with finite element
* models

- study bending issues

- examine patch stiffness, thickness, and geometry
- unidirectional versus laminate layups

- type of composite used for patch

- adhesive/surface treatment issues

- adhesive properties and thickness




Summary

“

m Interdisciplinary research program began 1 July 93
- b taculty/4 departments

m Focus on:
crack formation (fretting, corrosion, EIFS)
crack growth/interaction (MSD)
residual strength
failure prevention/repair

m Presentations

~ USAF SAB

- AIAA SDM - 2 papers

- NASA/FAA Aging Aircraft Conf -3 papers
m Campus impact

- faculty team

- Industrial collaborations

- laboratory developments

- courses

Purdue Structural integrity Progrom
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MECHANICS OF WIDE-SPREAD FATIGUE DAMAGE
AND
LIFE- EXTENSION METHODOLIES

Satya N. Atluri
Institute Professor & Regents' Professor of Engineering

Georgia Institute of Technology

Presented at the
Oklahoma City Air-Logistics Center

17 May 1994

Research Funded By
The Air Force Office of Scientific Research
( Dr. James Chang )




3HNO-02 NLIS-NI H04 DVE NNNOVA
ONISN NOILYOITddY
Hivd3ay
HOd4 AOH1aw
13XNVI9 H3Llv3H

AIS3YPY eIy

red / \ wep 26p3
\ \
N X} nl \

[ § St ot

llllllllllllllllllllllllllll

ucﬂ.n.um

TEEEITLVEYEZELITRUTRTITINIVT ¢ EMOHU
ISP ELL L €3 SR e ) CLL L T s 29pIatyH
snozod & VA P4
yxuelg sIjesy beq umnoep wTTF ISVIT2Y snoxod-uoy
J .

JUTT wnnowp

N/

a3ddy
/ / S3SSTHLS
HOLVd
HLIM L33HS
HOLVd a3anog Y ' Y *
AT3AISIHAY 1300 OL *
08 D8 p
\l}i...l_.l,_
_ au £ 7 € 7
,w’ » J_ = GM
\ 4
ONISN W3 Ag
SSIHLS HOLVd mlSn__\,_wo* * *
MOVHO
a3divday
HLIM L33HS

BRE

SHOVHO Q3HOLVd 40 SISATYNY




31

AQO8
31INI4 3HL OL W3HL
AlddV ONV S3SS3HLS

IvNAIS3Y 3HL 3SHIAIY "LON 4
£Q3IOHIANOD HIS 3HL IAVH

$3SS3HLS AHVANNOSY
IvNAIS3Y 3IHL ONV 4IS 3HL
NIV180 'NOILNIOS
IVOILATYNY AQO8
31INI3INI 3HL ANV S3SS3HLS
NOILYD01 ¥OVHD 3HL ONISN

133HS @3XNOVHONN
IHL 40 SISATYNY W34 A8
133HS IHL NO SQVOT1 17V OL
3NA NOILYDO0T XOvdD
3HL 1V S3SSTHLS FHL 3LNdNOD

-

133HS JHL NO HOLVd 3HL 01 3Na
S3SS3HLS 3HL 3LNIWOD

W&K.(Ek»u.?ngik4§§§$§ F e T R T e e e S s A LT

.,,u,m_w>._<z< HIVd3H HO4d WH1IHODTV

\I‘l:wa vIQUO3L

-y ut\b

HOLOVH M IVNLOV Ni NOILONG3YH

s wc\o

007 St 06 S o0 SL 05 ST 0

00z SLb 06 5 00 SL 09 ST oo
_ S0
T )
Mﬁwm ;,  bupodoiaw 01
cos :o\”w J01DJ- Ul UOIINP3Y G1p
8="31"3 T
w=DfH 0l
£= ms.*mb mNI
1= 59%1M%Y
0t
St

HOLOv4 M A3ZITYWHON NI NOILONG3Y

90=",
. Nﬂ».,onu;._ i _ '
mnw.n ‘wwm_ Guypiod of anp

£=%/4%
1=%9%/5Y

N

10)30}-Y

w=pjy|  PUPUWIOUUILONNPRY

AN

0

Lo )
[

~
(=1

=<
(=1

=] w
— (=3
oxupA.O/LY 4SS PRZIOWION




pomammsmmen H 3| ¥IDHO3O

SSaUNS Uoled SA 0=A'0=X
1B SSaJlGQ [BWION Udled

tyst3% snawosnd S3AUYINS UIIDG

9 1 14 0
ot 8 o

Mo=t
2807 4
2"..9:

oot =*yr4'0

Ay sy

SSAUYNS YoIBd SA

0=A 0=x 1B SSang jeays yoed

sgtyr*3% 131awosod SSIUENS U104

ot 5. 9 ? 3 o

o/t s394 PAZIOWION

m S11NS3Y SISATYNY

SSaUINS yoted SA H=A'0=X
J& SSaig 1eays yoed

Sosyr'3% smawoi0d ssaupns Yidg
ot # 9 b k4 0

00! °
e e——opm—— v 1
] olm!ﬂ\\\m\
Y, |
4]
z
g
70 &
”
a
®
o
908
so=t4 | T
SO0 gpgau | &
st="o/"y 90
LA i ]
v = 0IH
s=*ym
ot
sSsaupls
yoled SA 4IS Ul uononpay
sovyriz%y sarownsod ssau))s WId
y 3 0
o ] 9 .
70z
g
3
2
E
[
50 x
004 = *y/ %0 3
o= da &
90"
wo=1 ) ﬁ
st= 03 20 o
[ 2L
ki -.B\:
s -

\.

] HO3L VIOHO3D ~
€0 82’0 €20 820 24\ ‘ones s,u0ssiod
€00 200 200 900 edo ‘'yibuang Jesyg

14 14 9 9 1esys
9 8 61 / BsIoAsULl]
08 0174 002 ocl reuipnyBuoy
BdO ‘sninpoy
600 cl'0 020 €10 aAssardwod
10°0 €00 900 ¢00 efisus)
9SIaASUBY)
AV 90 G'e .0 anssa1dwod
A E LE 15§ 1t ayisua)
feupmibuoy
edn ‘ybuang
(%09 ='A) (%5t ="A) (%05 = 'A) (%09 =A)
Axodz Axod3 Axod3 Axod3 AlH3d0OHdd
/puery /SSED juoiog /enyders
S3LISOdINOD TYNOILOIHIAINN 40 SAILLH3dOHd TVIOIdAL
——




\l.llzo& VIOHO39 ™) \llll:oE YIOH03D J

4IS NI NOILONA3Y a34Ivd3Y - d4IS 40 NOILVI"VA ww yibuay yoes v1iva 3Inoilvd
WOY4 34Y34NI SA
1S
) 7 _ 03 o5 o et 0z o Q3"Y3INI AT1LO3HIA
—_—e o o
0v st o0t s .:2 510
o €1 -v20e
bunyniod o1 anp 1z " [ »
20130)-Y W UOHINPIY 5 N yo 2 id \
) ,m. oup o0y \/ m -n B
2 a0 “\. _,- ! .n\-. 10t eevgasie> o ot =
= v Nn-wn-» oxp 4070y co”
woek  zegm 3% ser r exs o’ o
wH0=" S="yry YoM
sg=torty €= 04 T MIH 00 \l\l\\
PR RN L Sy - kd 00Z
[ AR T A
[}
1
- ysed
Q3YIVdILUNN - 4IS 4O NOLLVIBYA 1300NW soke £
591040
sz ¢£v0} X S3|
¥ro0 oot ‘002 ‘o0t o
Y t _ 1 1 o m
103D 1UBSIN I.:..l.l N m
13 WOHm1edy o'’y R =
) e u_1 S $310A0 JO YIABWNN
‘g R ﬂu il 0: @ TSAHLONITMOVHO
g N e 3
e iz ,_ 2101d yo>i1Dd 3
2o e ; " .
.N\ oup 00791y R I AR o
S3D01D D10Y YIMm \\
\. 2)101d 9sog ’ Jwawradxd -
4 — uoriefndtes—
"09

T T T T TS T
%%t:..n.ﬁmv,fﬂﬁ T T e T R L B R SR R

H MOvdO 3T0H - SLINS3H w_m>._<2<




\"Iowh ViOHO3D

.01 X S8j0A2
"¢ ndx3
ool 002 001
ﬂ Q »Q €1 -b202
o
[\
o 2 'y
e T oer
o
=
» 3
00
JudwtIadxd
» uoryeNITED —
‘09 A , , .
€401 X S9j0A° . « k « &
00¢ 002 ‘00t o
8
ol 2 1dx3
[©)
&
‘0z M.
3
HNIGNO08SIQ 3191SSOd BO4
‘ov a3rsnrav dIS aalvinoivo o
‘'AHOLSIH
=H“_,...“.._HH| HIMOHD MOVHEO 3NDILVS
Q3LYIND VD 4O NOSIHVYIWOD
‘09 .
ElSININIHIdX3 HLIM NOSIHVAINOD
— ——

(813]

(ww) A i
SL 0L <9 09 14 0¢S 114
S0°0
L=y /%
10
S1°0
20
S¢°0
eb\hxk
[
A S d '
g91'0= A wwor=Y wuw 6880 = Y ww (o= "Y

e d Mx
BdWS96= 5  edIN 000802 = >m edN 00vSe= 3
Ax

s s
edwovz.= 9D zeo=4A ediv 000°12=3

" 7

SS3HLS HYIHS40 NOILVIHVA




H vi O —
] 031 VIDHO3

ajeup100d A yym Buibueyo si ssauoiy) Jake| aaisaypy

A
5 >L_Mom_nm r aje|d aseq
1t
(s18hej 2) | |
gy | \—
o o (1spow onsijeas asow)
g Ispouwl
/ aje|d aseq
e
lake H
aAIsaype oy
yoled dy

(sejdwexa snoirsid ui pasn)

V |epow

- : —

(ww) A
08 S 0c 59 09 5§ 0s 5y
5070
I/ AN .
\_‘ g jepow TRV L
N ST°0
v |8pow
Z°0
SZ°0
L WA
19he ,
anIsaupe ejejd aseq }
!
)
\
ay
(s19hke} )

SS3HLS HVIHS 40 NOILVIHVA




]Iom: VIOHO3D

uoibay bHulpuogaqg

uoiba.
buipuogsp

90 S0 ¥o £0 [y 10 0

....... Jepjisiea,
e JRPTNSIBA, .
....... Jep lisien, 190

...... JEPJISIEA,
L —— JepjIsieA, 140
\ y i 1 1 80

mﬁ}b
d m_
*u s y=1

"NOIO3H ONIONOE3A vOILdITI3 NV 40 SIXY HONIW

p
3H1L SI Uo "B/ 4 4O NOILONNA V SY dIS G3ZINYWHON 40 NOLLYIHVA

d1S A3ZITVINHON 4O NOILVIHVA




] HO31 VIDHO3D

199Ys payoe.) J8jua)
PauUalis pue paydled

ousyns

Mg

- Jaung cmxm:.m. .
[ ---- YOIEd UM Jeuyis usxoig
] \ c:.__w 108y

4" 1UJING 10B)U} Yojed
| AuO yoreg
— Ao s8unis

| ! L L

d1S 40 NOILVIHVA




ﬁll HO31 vIDH03D

816up j10o1d)13
+08 .09 07 .02

ONIHOLVd LNOHLIM GNV HLIM IS 40 NOILVIHVA

«0

8Lo0= ? 0 _-N
0=

o= AXpy X g

Y= yIM 210d 5

8=d/H g im o1 &

©

yoiod Inoyym m

W oz z

90="'0/% ]

g0=y/0| °

£/ =0/ [0 5

§0=y/4% 2

t=*oy/3% [ 2

0 =

31V1d HOLVd HOd HS3W Wad4

31V1d 38vE8 HO4 HSIW W34

¢ ERRERIRIRAN R

R
R

e

€ - SISATVNV HIvd3y

1 andig

SLINSTY HLMOUD JDVID
A

OYOVII VSYN HLIM
ONIAVOTIANALO IS
YAANA TTIDAD A4
HATOAD HLMOYD
AIVHED ALVINOTVO

Yivaavol
AANLITINY
ATGVIIVA

AEMVTHHIVS HLIM
HdVHS ANY AZIS
AIVAD 40 NOLLONNA
Y SV SY01DVd
ALISNHLNI SSHY.LS
HLVINDTVYO

ADOTOUOHLIN HLAMOUD D VIO UNIILVI




\ e ) € andiy

€€°0 oney S,uossIoJ
90+36’E :SNINPOJA 1edYS
90+UE£ 01 :SNNpPoJA s,3unox
IS9L-SLOL TV ‘[el9el

910

TISITTIA SYIQ-T1  2was

—
N Y
-t

S9°1
.620 «6E°1

-
m
_M
"
-
)
-
\
>
H
4
~
"
ot
w

-
2

8Ly

.00°€E . ]

L0571

X ‘

SUALHANVIVI TVITALVIA
NV
\ AALINOYD H'TOH dHAM dIPT-D /




000¢

t 2ndiy

SINOH 1y311 Judjeamby

00ST

0001

00¢

WwS0°0=> ,,L00=¢

— 1

(un) y8uarg yoer)

¢ andiy

Leoro X%
15d 90+791L°0 :*
1sd 99+HSO'T :

£
X
£x

N
R

gb0 ‘oney S U0SsI0g 15d 90+HSO'T ® hu

15d 90+HSQT"0 SNINpoON Jeays 1sd 90+369°€ A
1sd 90+H 1€ SNNPO s,3unox 1sd 90+a7°0€ ¥4
WwP00°0 :SSaUPIY], WP0°0 3SSaWIIY,

JAISNPY :ELIIEN £xodg-uoiog :relrdje

AN
AR

Cnvmcademnanad




9 2ndty

(s32a39p)

SL 09 St

0
o€

7 yoyed

payoedun

T T

e e T

1 ysjed

T

iy - a

i > P e VI

——

{ 2andiy

(s99a383p) g

09 4 0€

-—wo-c "u

cyed
Tyned _,__
paymedun __

1 1 1

w80°0=> ,0I'0=t

~t




g a8

(s99133p) g

3 4 0€

T

Tuojed
I yojed
payojedun

1 1

6 21ndiy

(s92139p) g

1 4

0€

»80°0 =2 ,,0I'0=¢

T

tyned
Tysed _,__
payojedun

—_—

~\

-

x
K

«80°0 =2

01’0 =¢

v




o1 andiy

(S92139p) 9

’ 4 0t

¥ T

cyned _
Iyosed __

paydnedun

1 1 1

«80°0 =2 ,01°0=C

e}

WICT) TIARTT F SV




CT108T Vd ‘wayayylag

ALISTAAINN HOIHAT |
SAIPMIS 0BJING JO0] INU)) ISAOWI1Z 29

SOTUBYIIIA pPUB SULIaUISUH [eOTURYIIN JO EoEtmmoQ
[HM ‘d LIHd0d

| ALTI'TIAVI'THE ANV
SOINVHOTNOUDIN ‘AALSINAHD :SAOTIV
JANNIANTV A0 HNDLLVA ANV NOISOHY™ 0D

 p661 DI 61LT - O “€11D vuioyvpo
IUL2JU0)D) IYD4041y SUISY 2240, A1y PUOIIS




TABLE OF CONTENTS

INTRODUCTION. ...

1.

1.1 Background.................

1.2 Objectives........

.8

.
.
.

2.2 Tribological and Corrosion Measurements.........

2.1 ‘Continuum and Finite Element Modelling..
2.3 Material and Compenent Testing......

1.3 . Summary of Progress..........

CONCLUSIONS.

4.

ayax pue sanssaxd 30e3u0d Byl ‘sSjex geam dOTyroads Byl JO SInTea
abre1 axe xeam burtiasazy Burxoaey suoraTpuod 1edIbBOTOQTII IYL

*sbewep uoTsoxaos 03 Hutllsr JO UOTINGTIIUOD 3Y3 IO SUOTIDSBUUOD
ut peojexsusb suorlTpucd Hurlasay BYI IBYITS Inoge umouy ST STIITT
A13aT7eT31 INng ‘UOTEOIX0D S9IRIFTBOOE ued Ssijuswbexy zeom Teldw
pue ss0e3IINS Telswm ueald Bursodxs Agq ‘BuTtijexg -eousaanodx pidex
jusaaxd 03 paaocwsa 9 ISNW UCTSOIIOD AQ po3dajje Tedsw Burpunoxans
ay3y jo 1te '‘pextedaa axe sjutol pspoxrod usym Jured IOTIVIXS BYI
Aq aks syl 03 USPPTY UTEWSI UED UCTSOIIOD 8yl Jo sdussaad syl 38X
‘3zom xtedea saxtnbax Arjusnbaxz pue ‘32ATI 9yl JO UOTISNIIXD YA
usA® pue SEUTPUNOIINE IS9ATI SY3 JO BUTTTSME ST]ISTA 'UOTIBTIOIXS
sonpoxd wes 131 *3ATSUS3IX2 ATiuenbsay ST SUOTIOSUUOD PSIVATI
Jo sbewep UOTSOIIOD BYI ‘DY SUTGOY JduxeM JY SYl JO UIZeH 'd
pue sTzUIy ‘¥ 03 Burpaoooy ‘wergoxd sarseazad v ST SsweaJITE 0303
aty Butbe jo s9011ds pue SUOTIDAUUOD PIIBATI JO UOTISOIAOD

ponTIBYoR T°1

NOILONCQOULNI 1

*SUOTIOBUUOD UT UOTSOIIOD JO UOTIDSI8p ATaes 3yl oz saanpasoxd
FAN 93enieas® o3 pasn 8q Titm satdwes aseyl -pawxogasd Buteq sxe
SUOTITPUOD UOTSOIXOD pue Burllsz] SI8A9S JI9pUN SUOTIOSUUOD PIIBATI
‘pydwrs jJo s531S83 ‘UOTITPpPE Ul *{993§ IO umuTWNIE® ISYATSD YA
IoRaUCD ul SAOTTE WNUTWNTE JO UOTSOIXIOD BUIlI8II JO SIUsWSINSEdW
oTaiewdasAs wxozxsd o031 pesn 8q TTTA JUTIYORW 3YJ SUOTIDSUUCD UT
SuotTaITPUOd Buta3say oy3 sonpoadsa wes eyl peldoniisuod pue paubissp
usaq sey surydoew zeasm Burllsal oraavereozetd v Csssooxd buriasaz
sys uxsaob 3Jeyy ‘spnatrdwe drTs oI1ToA> pue aansssad 3doe3UOD
sya HBurpniour ‘sasjswexed TedTUERYDBW BY3 93eNnTRA® 03 pawirocjiad
Bureq eoae suotleINOTED JuUsWAT® BITUTIA ‘SPWRIJATE DOI0F ITY
Butbe jo suoraosuuoo pauutrd pue PIIBATI JO UOTIRIOTISIBP SATSOAIOD
8yl o3 Hurlasaz Jo uoTINgIrIjucd Y3 Putrssasse st 3Idafoad sTyl

(88V0-T-£6-0Z96¥d)
SNOILOANNCD QINNId ANV CALIATY AWVIIYIV NI
NOISO¥Y0OD ONILLIY3 J0 NOILDALIAQ ANY SHSXTYNY




‘d pue ¢ uo puadsp oste Aew ‘Burizaaj JO 2sedD JY3

ut pue ‘wa3sAs 9yl ur STerasdew 8yl TIe 3o A3xadoad e ST ‘M 93ea
Tesm D13103ds aylr -opnattdwe diyts dead o3 yead ‘124> xad s8ya st
¢ pue ‘ainssaixd 3oejuod ay3 st 4 ‘zelsweaed zesm Burlavay Byl ST
Qrds"4 pue uUOTIOTII JO IUBTIOTFFL0D BYa ST ¥ 'wa3lsAs syl jJo sjex
Jeam D13102ds 8yl ST M 'S8TDAD Bura3saj JO ISqUNU SYI ST N 9I9yM

(1) '3 (/M) Nz = A

:A ’(x1eos aeam) abewep Buriasa3l sya jo yadap
abeiaae 8yl 3Jo suxal ur passszdxe aq ued zeom Butraasaa,

pue Butdweld wox3 paatasp 3aoddns teaszer 8y (TI) pue ‘asuaisey
8yl pue 3TCY 3Y]l uU2IMIBQ BOUBISIISIUT BYl (1) :Se £9INILIJ YONS
uo puadep sislswered 9S9YL ' SUOTIDOUUOD PSIAATI pue pauutd z03
umow{ Jou axe spnattdwe dr1s pue sanssaxd jo sanyea Tenade oyl

‘wnurtwnie 3sutebe [s91s
3o 21oeauod Huriaexj -eya butpudije sSoT TeTISIPW BY] UO BIQEITEAP
S1 UOTIJIPWIOIUT ON ‘uotTioveioad otpoyles Aq peziTesa 23e1 SSOT
8Y3 uT suotTIONpax abiel sya AQ palexrlsucwsp ST UOISOIIOD Burlasay
84l JO 3anjeu TedTwWsYDOIIDITS dY] ‘8sed STyl ul -ITe 031 pasoddo se
I93emeas ur spasvoad 19935 jo burlizaxy syl usym 931 SSOT TeTIIJEW
843 ur 9sSeI3IDUT PTOJ-f ‘ITIWIS MOYS i @aanbtgd Uut pezraiewwns
(v) ®osnoyasjem pue uosaead Aq S91IpPnas ‘wi 05 < ¢ @opnatidwe
dr1s aya papiacad 3onpoad uoIso1I0d 03 ddezasjutr buyiasay a8yl
3O -8pTs I3Y3ITd® uo Tersw jo 1adey desp-wr QOT~ Ue 3IBAUOD PINOD ‘TR
3sM ul wnutwnie Jsutebe Burjasiz wnuiwunle 103 ‘WN/W -0 T = M
JO ®3e1 IESM paINSESW B ‘T 91qel 03 Burpaoooy -ate 3j8m 3o soussaad
2yl uT popasdoad HurlIBAF USYM XG'P INOQe IO 103I0BI B AQ PSSEAIOUT
(uotsozzod sntd aeem) 231 SSOT TeIISIEW Syl 'Suorieldadxs
Yatm JUSISTSUO) ‘el @anbta ur peonpoadax o3 SBuTpury ITOYL
"3TO®SIT YaTm IdeIuod ut Aoyte Ew-uz-Ty psuspiey abe ue Jo aotaeysq
Iesm BUTIIBII BY3 UO S3ID9IJS TLIUSWUOITAUS JO Apnas oT3ew3lsAs e
P33IDNpuUoS 8ARY (€) OPUl pue EPIYSY ‘0305H ‘wnuriunte jsutebe 1s91S
103 @sed 8yl 3g 03 AYSNIT OSTe ST STyl pue ’(r’'g) T993s asurebe
19935 pue wnutwnie Y3ts 2IDPIUOD UT wnUIwWnIe Jo Jesm bBurlaIvay
SUl pu®e UOTSOIIOD UBSMIBQ UOTIBTAX DTASIBasduds e ST 219yl - (2'T)
wr 001~ > @ > wr o1~ sbuex sya ur PrOI-005 INoqe Aq IO WN/A .,
-0T-S = M O3 WN/W ,,-0T = M wozy Burseaaoutr ‘drys Jo Junowe 3y3 yamm
A1T1eo1pex sabeys ‘M ‘sqea aeom burazszy or3ytoads a8yl ‘.epnatidue

"{v) PSnoyidley pue uOSIL8g ISAJE UOTIDSI0xd DTPOYIRD YITa I37jem
©3S UT-0 pue ITe-g 'I9IeM IS UT-o (JTSS3IT YITM IDPIUOD UT 83315 D
$+¥9°0 (q) pue (g) opul pue eprysy ‘030D I1333Je -uobie A1p-o pue 11
A1p-e ‘IT® 38M UT-0 :JT3SIT Y3Itm 3IDBIUOD UT AOTTe BW-uz-Ty pausprey
aby (e) :sapnivydwe dI7S JUa133ITIP Yatm Buriasxzy Aq peonpoad seaex
Team DTIJTO2ds ®Y3 UO SUOTITPUOD SBATSOIIOD FO @dusnTul 1 Sanb1g

(q) (e)
wirl Q ‘apnatydue dr1s yead-oa-yesd

wt ~w “spmndws dirs smon) wid-m-108¢
o051 oo o8 ° o0t 00 001 °

0

dowd BIto+ &S
ks

yIvaris
puabe7

uN/Em ‘M ‘91ey aeop OT3109dg

-
—

.
o
-
~

e}

“edi 00y = d eanssaxd 30eUOD ® pue 8BIDAD
»0T:5 = N pue v °d uo 230uU3007 utr 1 uoraenby Huisn pelewrasy

oozt 0zt zT (A | wrl gg = ¢ I04

oov ov wr QT = ¢ x04

wrl 'sbeweqg jo yadag

wN/

«@-0T »-0T 51-0T @3ey Ie9M D1jIoRds
+SNOILDANNOD IWVHJNIV NI QI¥ILNNODNZ

SNOILIGNOD ¥OJd IFIVYE NOISOWHOD/YYEM DIAIDIAS FHL NO (NOISO¥HOD SiId
YYaM) 3IOVWYA ONILLIY 3HIL 30 H14EQ FHL S0 3IONIANIAIA T 3IEYL

UN/ W ey aeay 2131deds




syl SUTJOp SUOTILTNOTED BYL - (§) °SOUSBIIISI UT pue 1°¢ UOTIDSS
ut ATInJ 82I0w pPagIIISIP VIR HIOM STIY3 JO S3IINsaz ayl -pazAteue
uasg sey mnﬂumoﬂ. 5TIT29A> 03 3o03fgns uor3osuuod pauuid ‘TeUoTs
-uswTp-z 'pPOZITESPT Uy % NSeL jJo axed se paise] aq 03 SUOTIDBUUOD
Tepow 8yl (TITT) pue ¢ xsel Jo 3jxed se paTquasse ag 03 SIOTASP
burasea teotBoyoqrial Byl (IT) SUOTIDAUUOD dWRIIITE (I) :SIUSWSTD
Butaasagy 3jo sadhka ¢ 103 sepnattdue dits pue aanssaxd 3Jo0ejuod
8yl se yons xesm Burl1s13 ursA0b jey] sasijswered TeoTUERYOSW 2yl JO
SUOTARTNOTED JUSWSTS JITUTJ PUB WNNUTIUOD I03 STTED YSel STYL

‘unbaq 324 j0u sey 3ysel STYI UO IOM '‘paTnpayds uybnoyl
‘obewep uorsoxzon o3 a1qradeosns Ajzeinotazed uwsaq saey JeYY
SUOTIOBUUC) Swexgaxte AJTIuspT 03 ST 3Sel sTYl Jo aarioelqo syl

‘T Ysel

:gyse] 9 sepniout Apnas syl yauow yie
s31 ur AT3usaano ST pue €661 ‘T xaquaades uo uebag yosxessay

-

- ssaxboxg FJo Areumms

€T

‘uo1s8011005 Burllsag 3JO UOTIDSISP
pue Toa3juod dy3x uo 23ovafoxd uwo-mOTIOJ B I0J SUOTIRPUNOI BYI
aptacad TTTM yoaesssx juasaad syl ‘pPoUITIUOD 8 UOTSOXIOD Butidlaxz
3o eooueilxodwt syl prnoys *SUOTIDBUUOD UT UOISOIIoD Hutiasayz
Butaoaisp x03 sadoduoo gan Burstwoxd pue ‘sButiecd pue sTeTISIEW
swexjxTe JO, UOTSOIXCO Burlzsly wisl bBuol oya burzrasaoexeyo
J03 sSpoylaw 13s23 TeorbToqral uoTIeINp 3JIOYUS ‘SUCTITPUOD IDBIUCD
Butajaxz TeoTueydow oyl bHutienteas 03 soanpedoad TeoTakieue
apnIour 3sayl -padoiSadp 3Q. [TIM uOTSOXXO0D> Bur3asxy 3Jo TOIUCD
ay3 snsand 01 pspasu o9 OSTe PINOM yoTyM SOTITTIqeded Tejuswtiedx®
pue TeoylATeue syl o swos ‘sty3 ystrdwosoe o] -ssweliiTe 85104
a1y Butbe jo suotaosuuoo pauutd pue pSIPATI SY3l JO UOTIBIOTISIIP
SATSOII0D 8yl 03 Burlasay JO UOTINGTIIUOD IY] SSISSE 031 ST BU0
‘soaTIDe[qo Teasusb 7 sey 3Iosloxd UOTIEBTITUT YDIWSSII STUL

seATIDefqo Z°T
‘8701 Teronad e Aetd OSTR UOTSOIIOD 3JTIYUT pue sadejans Butioeauod
9yl @o3exedss eyl sHUTILOD puUe UOTIADTII JO IJUSTOTIIS0D IJUBASTII
3yl (1) 8x10q 3UY3l uo Buraoe s8DIOT BY] IDONPaa JBY] SPUO] SBATSSYPE

J9ATI pue 3I39YS SY1 JO SUOTILTAI DATINITAISUOD »nI3aseld ‘oT104hd
3yl JO SJjuswaansesw J0J PITTeD OSTe MSel dYl -f£°Z uoTiIdas 8yl
ur p2axodsa axe satnsaa Axeutwriaad pue unbaq ussq SeY YIom STUL

‘9 Msel

Jo S3TPN3s HAN 9Y3 JOJ UOTSOXIOD JO Sjunoue pazIIajoexeyd
TIes pue 2JUdSIBIITP UYITM SUOTIOSUUOD T3pow djerausdh (At)
*s3s533 Ax07eI0QPT BYI JO UOTIBIQTIED(TIT)

*UOTSOIIOD
wra3 HBuol o033 Buriasaz IO UOTINQIIIUOD IY3 2I3enfeamy (11)

*Z jsel 30

Buriispouw sotueyosw 3doe]juoD a3yl 30 AJTTIQeITLaT 8yl 3say (1)
:ButMoITOl 9yl Burystidwosoe Jo wTR Y YITM

P9as9] 9 TITM SUOTIOBUUOD Pe3IBATI ‘STANTS JO Jaqunu pPaITWIT ¥
BUTTESI TUSUSANOS PUE TEIISTCR  '§ ASel
“€'Z UOTIDSS ut
PaqIIOSsIP BIR S§3I03IS TeTITUI "JWI posodut ue yirs pajowoxad sq TTIM
UOTINTOSSTP orpouy °bBurijsxy uorleanp 3I0Us YITM 20TATSS wrsy bBuoy
2jeTNUTS ©3 UOTSOII0D Butajeaayrsooe 03 ssanpadoxd 3a93s TITm ASeld

sTy3 30 3xed 3sey aYlL -uwoFEoxxoD Burllexzy pelIvISTIIOY €€

‘7z dsel Aq psutrjsp Apesate
SUOTITPUOD BUIIFLII YUY UO MeIp TTIM HIom sTYl -polratdwod ST IoM
UOTIBIQTITED Byl se uoos se urboq TTTM4 wnurtwnie 3surebe wnurwnie
pue 19931s IJsurebSe wnurunie JO UOTISOIIOD HBUTIIBII SY3 JO SSTpPNaIS
o1I2WasAS ‘uofsoxx0) bHur3ljzexsz Fo uTWOTIRZTISIDRIRYD 't

. ‘UOTIRIQITED
Butobaspun A13jusxano ST I938BWOQTAI BYL "Z°Z UOTIDAS UT PIQIIOSIP
ST pue 21INg pue psaubrsSep Usaq SeY SOTASP B YONS SUOTIOBUUOD
utr Burastxe suotatpuod aanssazad 3oejuod pue sapnayrrdwe dTis Syl 03
satdwes Axojexoqey Buraoelqns jo siqedeo as3swoqral e aztnboe 031 ST
3}se3 STyl 30 aatIoalqo syl ‘seotasqg Surisel TedTBOTOQEIL T°€

* FTUSUSINS TSR UOTE0XI0) PUe TesTLToqTIL (-3 A

-aoalfoad aya jo aeak puodes syl Hutanp

1spow feuorsuawip £ Jo S8sAeue Agq pamOTIOI 3 TITM SIUYL ‘PSILTITUT
uaaq sey 3aurol del v 3Jo Topow TPUOTISUSWIP-Z © UO MIOM ‘2
3sel Ag patpnas a9 TTIM UDTUM UOTIDBUUOD 3Y3 U SUOTITpuod Hutiaivaz




sat ae utd syl BuixIj 03 UOTITPPE Ul ~pauUTWEX3 aq Arw 3JVIISIUT
199YS-910Y Y3 uo Buipeoy prati-Iej JO 2123338 9YI IBYI OS YIAPIM ST
sawtl §°G ST 2393ys 8yl 30 yabust Byl *Pa3eIIUaOUCD ST UOTIBWIOISP
8yl 3JO ISOW dI3YM SDRJIIIUT Yl Bututolpe eaxe syl ur pPsuIIaa LI0W
ST pue S3USWITd OQVT INOCge ’‘SIpou fe6r Sey ysaw syl -"gr 3Inbrla ut
umMoys ST T9pOW JUDWITS 23TUTI 9yl ‘er aanbrgy ur umoys sxe ITOY pue
239YS IBYI JO SUOTSUSWIP 9YJl -~ Isuaisey ayl 30 Burpusag pue Huraeays
syl bButAuedwodoe sjuawadeidstp dris ‘suerd-jo-ano  acusataadxs
10U $20pP 3T (IT) pue sSpuaq IO saeays 33aTx 3o urd syl sasym
SUOTIDSUUCD Teda ueyl JuerTdwod 8581 ST 3T (1) :@snedaq sapnatidue
d11s 8yl jJo S$33PWTIS® puUNOq IIMOT SIVIJJO T2pow STYL ‘PIsSIAlP uasq
sey 3193Ys 8yl 03 Teuwrou surewdx sTXe utd SY3 YOSTYM UT UOTIDSUUOD
psuutd ‘TeUOTSUSWIP 7 ’‘PIZTTE3pl U JO [9pOW JUaWITe® IITUTI Y

ST9pPOW IUBWITT 8ITUTS

S1INSAY 4

*aINpPayss uo st ‘T Msel Jo uoradaoxe 8y3
Yatm ‘pue S)Se3 9 B8yl JO b uo AeMmIopun ST NIOM ‘IZTIRUMUNS O

*q0a(oaxd
aya jo aeak ,,£ 3yl I03 O3 PITNPAYIs ST HIOM BTyl ~palentea?
8q ITTM UOTSQIIOD 8yl 230939p 03 sanbruyosa asaya 3o A3ITTIqe Syl
*AITSIBATUN UTISIASBMUIION 3B S3ILTO0SSEe STY PUER yoequaydy - joxd Aq
1453 pue butasajeosyoeq Aei-y ‘sotuosex3(n Buisn pautwexs 3q TIIM
SUOTIDBUUCD PAIPOITOD sBwes YL -AITSISATUN ITTQISpUEA Je SIIRIDOSSE
STY pue OMSYIM - 3Joxd Aq padoiasap sanbruyoel butbewr A3rTrqradsosns
otasubew pue jJuaxans-Dy qinds bursn § ysel Jo azed se paaedsad
SUOTIDBUUCD PIPOIIOD BUTWEXd 03 ST }Sea1 STYI JOo aaradefqo ayL

ESINPas0Ig IUN PISUEADY JO UDTIENTERT ‘9 ysel

‘Tz :oﬂuuwm ut pajuasaad axe satnsax Axeutwryaagd
*SUOTIDAUUOD PIIABIAI BY3 pue se7dwes 193IBWOQTIA JYI JO WIAS pue
teorado Bursn satpnas orydexzborreasw 103 sapraoad dsel SIYL

‘ESTPITIS OTUAvIEOTTE ISR 'S YselL

‘109floxg 85103 a1y @3exedes v jo axed se paystidwosoe butaq st
3IoMm STYL "z Ysel 30 Burrispow Jjuswsya SITULJI 1037 POPS3U STeTISIBM

‘Bwes 3yl axe £3TDAD peoTun pue peoi auanbasqns z233je 850Ul
pue ‘154> peofun 15117 pue 8TDAD PEOT 3ISITI SY2 I93J° PSUTRIAQO
SsNTeA 9Y2 eyl sUedW STIYL ‘9104> peorun aya buranp pa1rndd0

| ‘PISIVABI IO PpIEMIO] 18Y3t® ‘uoriemrogsp otaserd ou 'a1oko

futpeol 1sat3 eyl Butanp psalasqo ST uoTiewiogap otaserd aTTUM
‘ewes ay3 AT{Teriussse axe utd {993S BY3 103 SITNSIY - SOULIDFISIUT
JO Ssjunowe 3JUSILBIITIP SYI puUR UOTIDTIZ JO S3IUSIOIFIP0O0 g ‘uid
wnurunye 8yl 103 pajuasaid sxe sansay (1 aanbtg 9s) saueapenb
wb PU® £ 8Ul ur santea aataebau yaTtm ‘3D0TD,0 6 YITM 08T T = @
!¥0072,0 £ Y3Itm Spuodsaziod ,0 = @ UOTILDOT BY]A ’'S8SED [Te ur '4
x33awered xeam Burilaxy aya pue ‘diys oya ‘sanssaxd 3DoeIUOD BY3
3o ‘@ ‘uorjedol xetnbue yYITM SUOTIBTIEA DY MOYS § - ¥ S9INBTg

SUOTIBTNOTE) JO SINSay AR oF

‘sauswaoe1dsIp
dris sueid-jo-ano @yl o3 ssadoe  sapracad  pue Butdweto
woly paatrzep 3x0oddns Texsle] 103 Junodde ued 311 £ 9InBT3 UT P83
-BIISNTTT ST T8pow STYL “IBATI INO PIIL3WS I0 ,SNONUTIUCD, B YITm
aurol det e jo 1opowm TeuorsuswIp-z ® uo unbag OSTe SPY HIOM

'9704A> peorun-peol 23s3T3 8yl I23Je PaUTERIqO
sesm uotjewrogsp oraserd oN ‘{(1°0 = ¥ OTIel SS3IIS) ®BIW €1 3O
wnuiutw e 03 edW SZT JO ontea yead e yatm ‘'183ys a8yl jo sdejzans doj
®2yi e partdde sem ssaxas Teutwou ButrAxea ArTesT(oAo v g0 = ¥
pue z°Q = 1 :adegrejur 283ys-utd SYI P UOTIDTII JO AUSTOTIFE0D BY3
JO SenTea OM1 pue ’SOUSIVIIIUT §Z pue 3T ‘30 sonpoid o3 paubisep
sas3lswetp urd saaya ‘(edgo Loz = §) urd 199IS ® pUR (BED 00° 0L *= )
utrd wnurwnie ue 103 pswrojiad ©9I8m SUOTIRTNOTED YL ° SIUSWIINSEIW
Teluswrradxa Y3ITs JUSISTSUOD ‘BdD 0L°0 = W ‘ (9doTs) sninpow oraserd
Pue eaW TE€S = %0 ‘yabusxas prerf fedo gL = I ‘Sninpow DIISETI
:setazadoad ButmoTTO03 ©Y3l Yatm IJotARyaq bSutuspaey otdoxiost AQq
polewtxoxdde sem asuodsaz UTeIIS-§S313S OTTDAD SIT pue 199ys AOTTe
wnutwnie 95-S.0L¥Y © 3I0] pawrojxad 218 SUOTIRINOTED YL

‘utexas sueyd ur JT Se ps3ear] Sem
utd 2y3 ‘ss8I3s suerd UT BQ O3 PIISPISUOD Sem 399Ys SYL ‘I2IUID
pauTtexlsuod s31 e 2adsoxa uoTIewMIOILp O1aserd JO 8douasqe vyl
Uats JualsTSuod ‘Drasels Ataand se paropow sem urd syl - (z @anbig
99s) um 9°0g = § jo doueastp Jeadaxr e yatm sutd Auew yatm toued
SPTM ® UT UTYITM PUNOJ SUOTITPUOD 3yl yits HBurdsay ur ‘UOTIDAITP
=X 3Yl U pPSBUTEIISUOD BIIM 3IBIYS 2yl JO S3prs HBuoyl 8y ’‘I8uad




sTTews A1aarzersa st dITS JO Junowe a8y osnesaq ased
STU3 ut a7qebribsu ST UOTSO2I0D HUTIISII JO UOTINGIIUOD SY3 ‘SPIoM
I9Y30 Ul IDUSIHIASIUT T YItM writ s £ !sdusiszasaur Jo soussqe
3yl ur soTdA> S£S8I3S 000‘0S = N a93aFe 8a0q 299yus pue Apoq utd
3yl woxy Teasw Jo wr 9 5 £ aaowsa uwed Butiazex3 3eys sartdur STUL
TISTTRWS I0 (L) WN/M ,,-0T = M 8q 03 AT8XT] ST SUOTITPUOD DATSOILICD
I3pUN  UBA® wnuIwWNIe 03 93ex Iesm burjjexz oryroeds oyl ‘urd 6z
> @ > wil z :sspnitTdwe dTYs TTews ATSATIOTSX YT POIPIDOSSE ST
onyea SIY] BDUTS  "}YDOTD,0 9 pue XO0[d,0 € Inoqge yitm Hurpuods
-91100 suorirsod zeinbBue Je weg 0T-€ = 'J INOQe ST SDOUSISIIVIUT JO
soussqe 8yl ut Isjsuwered xesm Bur3asxy syl jo ontea dead syl

SUOTIBTNOTE) JUSBWSTH 8ITUTJ JO UOTISSNOSTIQ [0 A 4

‘T 8Tqel uT pue , ainbig ul paqriosap aae drys pue sinssaxd IoeIU0D
3o santea Burpuodsaziod pue suorirsod geynbue ITeya '3 JO senTea
Yead syjy -4z > 9OUSISIIBIUT > $T pUe §°¢ > W > z-¢ UDYM onTea
SOUSIVIABIUT JUSTOTIISO0D UWOTIDTAJ SYJ O3 SATITSUISUT ATBATIBTET ang
‘31 Uey3l SS3T ''®°7 ‘SOUSISIASIUT JO SIUNOWE TTBWS OF SATITSUSS
Azon sxe sanrea yead oyg ‘9 saanbrg Ut pPIJerlISNIIT ST '3 IO
uorleTIea IeTnBue BYJ UO SUOTIBTIRA BE8YI JO 3IDSITIS 28U YL

. rapnatrdwe drtse
81 U0 13ID3IIS ISABAUT ‘96IPT B BARY UOCTIDIII JO JUSTOTIISOD JY3a
pue SDUSI8IIBIUT YIOg -“BdW 00E < d pssoxe soanssoxd 30e3UCD SIYM
SUCTIEDOT I PIUTEIQO SUOTIBOOT e wig > ¢ > wi z ‘sbuex ayj ur
81e sanrea mmum oyl wnuIxew sT sanssaad Syl SI8YM UOTILOOT 06-
= @ 3yl 3e 0 = @ pur ‘013z ST 2angsaid Joejuod 8yl IrBUM Saueapenb
PuUOOSS pue 3ISITI SYI UT WNWTXPW 9Ie SaINTeA-¢ 3YL ° (SIJusweserdsip
dT1s TedPOT 8yl JO SNTEA PEOTUN DUE PROT 8YJ USSMISQ SOUSISIITP ou3l)
Q ’‘spnartrdwe drts dya qg aanbrg pue sauswederdstp dITs sanyosqe
8yl saqrIdssp eg 2anbrg 23507 ST sanssaad 3oeluod aasym suoratsod
JeinBue ayl a83Te Op Ing ‘s3e3ls pepeor ATTng Sya ur aanssaad
3I0eIU0D ead Y3l uo 3093J° 2SOPoW ATSATIRISI ® 3II9XS IUSTITIIVOD
UOTIDTII pue IDUSISIISIUT SYL -~ (9) 2Id0e3Iuod HUTPITS pue Burriox 103
SuoTINTOS ¥OTIS-dITS Syl JO JUSOSTUTWSI @Ie ‘z°'p = ¥ usym Jussqe
91 udTUM ‘,0ZT = @ PU® ,09- = @ Iesu syead TTews ¢ ayL ",08T F = @
pue ,0 = @ I® 019z 03 sdoap STYI !BOUSIIIISIUT JO POUISAE DY UT
S°0 = 7 103 ,06- = @ I SSBINS TRUTWOU ©JW SZI = O oyl Aq paonp
-oad ST ®edW 095 = d anoqe 3o aanssaxad 3oejuod ead v ‘T3 9ouax
-83a8UT Y YITA DPIIBTDOSSE 3I® BIW 055 PU®R BIW 0S5 = d usamaisq
ssanssaad 30wauod ybty ATeATieTSI JRYI SSILIIASNTIT b oanbil

u gS°T =
(SSSWDTYY) 2 pue ww 90°¢ = ¥ ‘ua €°B9T = 7 ‘um 9°Qf = § :9I0 IDVYS
Y3 3o SuoTsuswrp Byj -soezrseIUT SToy-urd SY3 3e sjuswsoeTdsTp
dr1s aarjerax Butmoys (z°0 = v) soezasaur sroy-urd sya 3o AITUroTA
SY3 Ut yssw pswiozsp e Jo sydwexs (D) pue (@dejasaur Issys-utd oya
30 UOTIBOOT SYJ] SSTITIUBPT STDITO NIEp 9yl) =10y punore uorbBax pue
utd 303 ysew psurgsa (q) pue ‘Juswsls aaTaTyedsa ay3 JO suorsuswIp
(e) :uoridsuUoDd peuurd Byl jJo TIpPOW IJuswWSTS @3TUTy 'z 2anbty

@ )




*@oe3zxsqur atoy-urd aya e sjuswaoeTdstp

dt{s @aatT3eT®x a3yl burmoys
A3TuIdIA BY3l UT ysSsw pawzrojap e 3o ardwexsy

()

(0)

(z'0 = 7) @dezasjur atoy-utrd sy jJo

*(pP,3uoc)) z sanbig

'9DUl183193UT §T PUP S0 = 7 (q) ‘®OUsIFISIUT
30 pue G0 = 17 (e) ‘utd wnutwnTe 8yl 103 pasesTaa Atteraaed
pue patidde ssaxas o11oho sya yatm atoy psuurd sya anoge uorarsod
xernbue yatms aanssazd 3de3U0D 3yl JO uorIeTIRA BYL b anbrg

I.!!!S!%!-‘l.lfl..z.- I.o!on.l!:.%o?!n!.lf!.!..
-.%-:-0%.%. w.

_ .vnono‘._ —

o of
/

.. A
\ e
L 4 (]

ssuarpINY] 41 '50=" [q) SJuaxaIA] %40 ‘§0="" {¢)

‘Ateataidadsea ‘g pue y sjutod jo asoyy o3 peienbs aie .g pue
1¥ s3utod Jo sjuswsoetdsip uoTIDBATP-X Byl -autol dey e jo fspow
sue1d-3o-3no ‘TeEUOTSUAWIP-Z ® JO ysaw UAWSTS 9ITUTY g eanbrg

Bd ‘2ingsanyg




o9

‘g0 =1 (q) pue z'0 =1

(e} :uOTIDTIF JO SIUSTDTIISOD qusIs3ITP PUeR SOUSIBIIIIUT 4T PUe
$1 yats pue utd wnuiwnye Syl I103J PISESTdI AtTeraaed pue pettdde
ssax1s o11oA> 8yl uyath BT0Y psuutd 8yl anoqge uotatsod zxeinbue
yatm *d /z1p7owexed zeam Hur3laiy SUYI JO UOTIBTIRA oyl ‘9 @anbra

" ”ie M- i~ 081=

@ @ = B

/
°
\
°
\
.
\
.

3
uredy ‘14

- (sauswade1dstp dr1s PopeOl A1Teraxed pue peol uo
sy3 usemiaq SIDUSIDIITP IUI) spnatidwe dTTs (4) PUR squswsdeTdsSTP
dr1s (e) :9oUSI®IISIUT %1 PUe utrd wnurunie 2aul 207 poses1sl
Atietraxed pue peridde ssa13s or1oko suya uyatm ITOY psuutd 9Y3l
anoqe uotatsod zetnbue YITa dr1s 8yl 3O uOTIBTIERA SUL +g 2anbilg

» e ._w ot= o9 %= BTI- W= WDV~ L] "

T.
o*’s

suosoput ‘espuydwy dyg

suosoiw “yuswadeidsiqg dis

UOTIDIIF JO IUSTOTFIR0D-I

pue ‘uotarsod xetnbue-g ‘sanssaad 3oejucd-d ‘opnattdue drys -9
rButuesw Aue asey

qou ssop IJ Sousy pue SISED SOUSIVFILIUT 7 SY3 103 aarssaadwod
uTeWSI STOY SY3 ©3 TRwiou pue jusdelpe 19SUS Y UT SISSDIIS YL«

9°¢0p 98°1 s1e 8€°0 g0 %T

€'9LE 0t o'el LE0 S0 %1

g'10¢ L6l eer- 68°C S0 %0

£'9¢eS 6T 9'¢ €0 0 %T

L9y 8y L'El ov'0 o %1

1°9¢¢ 84T Iel- sL1 o %0

SoualaISIU] %
‘Teare N Uid

ssa1fog | wWedy
BN ‘d wri‘g ‘a8mey ‘14 o
6 Jesd

mQD.mH.umEd dI1S aQNY FINSSHTYE IOYINOD HHL
30 SANTYA ONIANOASHINOD BHI GNY SNOILISOd ¥YINONY ATFHL
‘'3 ‘YElIWVYYd ¥vIM ONILLIN3 HHL 30 SENTYA NYAd HHL T STARL

‘qQUaTOTIISOD UOTIADTII pue
Sous193IX2UT YITA '3 Tojoweaed Huriasay Syl Jo UOTITIRA L sanbta

sousIaLIsIY] %




usyl I3TT0I3U0D DTIadaTs0zatd syl ‘auswtaadxs ue Jo burtuutbaq
eyl 1e 1o03leaado aya Aq 19saxd sT yorym spnatidwe Jo abuex umouy
® utr spuedxa 124 @yl 'Spow 53 @Yl Ul -9POW (DF) TOIIUOH uorsuedxy
PoTTed ST yoTym apow dool pasord e ur Xaom siuauodwod 7 asaylL
TI831T033U0D OTIIDBTR0za1d JIUO pue (SHS) I0Suas a8beb urexas e Yaim
do0jeTsueal (Lzd) OSTa3paTsozatd auo :sajusuodwod gz JO SISTSUOD ATUN

Buriiozauoo pue Butuorarsodoaotw syl ~IOXTUCT SPMTITAWY ATIS

‘g 2anbTg ur umoys
‘Y ’‘ssew 8yl 031 Tewrou abeb 851037 UOTTTIEYD ® UO paaexauab aosi103
Tewrou syl Butinsesw pue s3yBram umouy Buiritrdde Aq pauTeaqo sem
0T 2anbT4 UT SAIND UOTIRIQITED BYL “X6~ JO obpaueApe TeSTURYOSW
® yits (6 2anbts 885) IPSX BYI Ul SUO PUBR JUOIXI UT BUO 'SIBAST
z ubnoaya Sutaoe gaybrem z Aq pertrdde st 20103 By3 ‘aTun tenade
9yl ul g 2anbt3 ur umoys ‘M ‘aybtem aua Aq papracad st saoeyIns
buraoejuoo syl usemiaq 95103 TewIlou ByL *8D0EB3JI3JUNOD wnUIWNTE
TedoTaputidd e 10 axaydstwey 719918 I938wetp- ‘Ul §°'7 pauapaey e
I8Y21® 3sutebe xo3enioe 51a31091s0za1d 9yl Aq pasow st yortus saerd
ABTJ ® JO ISTSUOD SIDRIINS BurloRIUOD BY3 ‘SUTYOERW SIYI UI

‘80e3283UT BUTIORIUOD 3YJ Je RIPSW DATSOIAOD
SIEPOUIODDOE OSTE URD pPUR II0L ,-01 O3 pPIIeNdEA® ©Q UED YITYM
Jel 11sQq aTgeTTeAe ue ur 373 1{iM 'paubisep se ‘autyoew dYL 6
81nbT4 uT usAIb B1e ITun tenade ayy jo sydexBojoyd g aanbrg ut
uMoys ST suTydew Iyl Jo Burmeap STIewsyss Y  -adegans Buradeauod
POXTJ ® 031 8artaetrax sapnatrdwe dI{s STQEITOIIUCD pue TTEWS AxaA
Iyl uswidads sy: ssacw yoTYm Iolenade DiaIoaTaczatd ‘paxoels e
S9ZTITIN SUTYOEW BYL “§ SBL JO SIUSWSINSEsW SY3 2IRITTIOEI [ITA
USTUm PpPaIdnIjsucd usaq sey auryoew xeam bBuraizsaj enbrun vy

sauTyoen
Ieam Butilsag orazostrsozatd B JoO uotraleasdp pue ubisaqg 1°2°2

TT SSYIT SIUSUSINEESH UCTEOIITY PUt TeSTBIOUIIL Z°2Z

'§8nsSST 958yl uo IYBTT srow pSys TIIM ‘I T'Z UOTIDSS UT pauocTIUSBW
‘18A11  ,snonutiucd, ® yirm aurol de e JO T9pow TPUOTSUSWIP
~Z ®yl 3Jo sIIpPNs Byl '§82103 Teas3el woa3z 1xoddns aatasp
UBD SUOTIDIUUOD yons ‘swril Swes syl ¥ - sauswasoeidsip sued-ur se
118~ se auerd-3o-3no aonpoxd yotys Butpusq pue xeays butrsusrtiadxas
SISUIISEI BYIL YITM '8I3Y pIUTWEXd uoTieanBIIuod pazITespl oyl ueyl
Juetidwod 810w aq 03 ATSN1y oIe sjutol del psisaTa Tes1 ‘I19AOMOY

‘autysel JeoM Buriavaz OTIIDATIO0ZII4 SY3I IO OTIrWIYDS ‘g 2anbig

auryoRA Surj1ed, JOo dIjBWSYOS

ERNIEIN
1Y3oM NN

203e[SURLO0ZOL] QOO

Supdg jeeyg

ojdureg

90BLI2JUNO0)

SSe]\




TE2FPIIPIUNOD

pue zisploy =7dwes Syl JO MITA IBIESTD P UTE2GO C1 PaaOwWSI usaq
SBeY (IESI SYl UT STQISTA SUO 2yl 03 TEDTIUSPT ST UITYM) ITun 2ya Jo
U033 Syl UT SbeNUTT pue IsasT BUTPROT YL SOBIXEIUNCD lRY T9BIS ‘9Tdwes sya uo palzex® D107 TEULIOU 8yl
psuspairy pue uswioads Jo ma1a dn-2SOTD (g) pue ‘xoleisusb uoTIUONG ‘peot paridde ayjy Butaetsx saxno uoTIRIqTTED ‘01 2xnbra
Pu® I8TOIIUOD OTUOCIDITS DUR JUTYDEW HLUTMOYS #M3TIA TIRISAO (B)
i9uTyoey zeaM Burazsag oTIIDATI0ZITA BY3 Jo suydeaboaoud 4§ 2anbTa

(6) ubrop

]
o [re) [{o] <t
(B%) 92104 jewiopn

o
-




wnutwnie 91-5.0.L uo 3Juawraadxs burizeay Axeutwtiaad e ‘adsouod
ubrssp aurydew Ieam bHurtiazsal oraxarsreczatrd ayiy asocad oL

sjuswtaadxy bur3zsag Axeutwryaad

‘auswtxadxs Buriisxz a8yl utr jutod Aue Je
JU3TOTIIA0O UOTIAIDTIZ SY3 suUTISP TITA 8d103 Tewrou Byl
YITM PaUTQWoOD 8DI03 UOTIODTIJ dBYl JO UOTIBTIRA BWII 3YL

+A1snonutauod papiodax
8q TTTM ‘3uUadTODTIIISOD UWOTIDTII 9yl ur sabueyo yatm
80103 3ayax ut sabueyd s3097381 yotym ‘sbeaxtoa andur Byr (11)

‘sapnaytrduwe dy1s uaxaz3zIP 103 paleaqITED
8q T11m abeatoa andur pue 28D>I03 usadMilIag uUOTIILTAX BAYL (1)

:paatoaut axe sdsas saayl
‘Teubts 85303 e o3ur Teubrs 863toa andur SY3l JO UOTSIBAUOD WOIJ
pauteaqo ST 235103 UOTIDTIJ Byl ‘ATTeTIUSSSH ‘padotaasp bButaq
ST 82103 UOTIDTIJ BYl JO JUSWBINSEIW IDIATPUT Ing o7dwts ® ’'siseq
5Ty, U0 ‘apnatidwe Juelsuodd utejurew o3 °q 3Isnw LZd dYl 03
paT11ddns @beatoa aya zeybry 8yl ’es103 UOTIDTIJ 9yl Isbaer sy ‘sr0]
-ax8yl ‘1033ucd apnittdue x9pun ST ITUN JYI uUSYM 1zd dYya o031 abea
-10Aa andut’ 8yl 03 pejeTax AT@SOTD ST 3T 'ATIDIITP paansesw aq Iou
ued 90103 UOTIDTII SY3I STTUM - TUSUSINSESR S50 ToTISTYY

: * SUCIOTW
z'0 A1elewrxoxdde st spnatidwe dIfS wnWIUTW 8yl pue SUOIOTW 0TI
ST aurysew HuTil®II sTYl o 9pnattdwe diTs wnmtxew 9yl - uorsuedxe
wnwiutw 9yl snutw uorsuedxs wnwrixew syl Ardwrts st spnatriduwe dris
syl ‘Juswraadxs sya Sutanp ‘swry Aue e 10 ‘ATSNONUTIUOD paUTEIO
8q ued uorsuedx® JO SSNTEA WNWIUTW PUP wWNWIXew Syl - Aoeanooe
Jo abuea 3yl uryaTm Aueasuod shemTe st opnitrdwe drirs Tenide Ul
'spow D3 9y3 ul -paydeax ST opniTrdwe pPaATSSp Yl TTaun paisnipe
ATaueasuod 3q TTIM spnattdwe 1zd 9yl snyl -Lzd 9ya o3 parrddns
andutr TOI3UCD DYl =2A3TYDe o©3 Teubls 3osuss a8yl Aq pPLSUTWIIILP
ST 1zd 943 3Jo uorsuedxs fenide ayl - ISTTOIIUOD DTIIDST80z31d 8Y2
Aq pezesuadwos AfTesTiewoine axe euswouayd 9SSyl ‘S8010J [RUOTIOTIF
Butbueyo aya Aq oste pue J1zd 8yl 3JO 3Iuswaaow 3JTIp 21qrssod pue
s1s919184Ay Aq peaioezze aq prnos spnatidwe oyl 3eya paioadxs st 3T
STTYM -I0Suas abneb urteaas saya Aq yoeqpss3z syl buisn snyea jesaad
3yl YaTM JUSISTSUOD LZd 8yl jo opnatidwe uotsuedxs ayi sajernbex

‘Ieam se
waisAs 8yl I93ua 031 sajuawbeay
pue ‘BurleuTwWETSP ST UYOIym
8oeJINS Syl 3JO =BINIdRAI PpUe
stxqap bButmoys uotiestriTubeuw
aaybty 11tas 3Ie uoirbax aswes
(D) ‘eaae pa3l1axj IO IIIUID JO
M3TA uoTIEdIZTUbSEW IBUBTY (QqQ)
‘1e08 IeOm BITIUS 3Y3 Huimoys
MBIA uoTIesTITUBEPWM MOT (B) wr
Z1 = ¢ apnatTdwe di{s pue ‘edW
9.7 = °d ‘sanssaad ueiziasy
e 23 s§912A0 0098 Aq pssned
soejans AOfTe wnUIWNI® UP UO
uotbsx po3isx3y 3o sydeaboxorw
uoi130919® bBurtuuess "1T @anbig

PRERCYECEoC

e BT
A....:X. >3

—

O ey

(o)

Jeceaonitey
w.! X B~




‘uotisod TeutbIIO 3oeX® 53T O3 PSUINISI J0U PUE UOTIRAISSHO
203 posacwax a7dwes 1593 aY3 pue sawrl TeILaAsS poaadnrzsiut
Ses 1§93 Byl asnedaq wr zT ueyl IsBuoT ST xedDS Ieom YL,

8q ued UOTSOIIOD JUedTITuBTS ‘epT 2anbBTg ur umoys sy - oadoosozotm
dY3l JISpun PIUTWEXD UIBQ SPY UOTIINTOSSSIp oOTpoue o073 pasodxs
Sem 3Jeyl SUOTILTTEISUT IBUSISEJ HUNSASIUNOD Iyl JO Suo ‘ez
05 "s9724> peoT §0Z‘¥T I93Je (UOTINTOS SUTTES SYI UT POSISUMT I0U
8184 YdTyM) S3Iaatx 3o moa do3 syl Buore perrey otdwes ayz

‘T°0 = ¥ '‘OT3ex SS923IS pue B4W SL IO SSS8IIS TRUTWOU
qead ® yatm zH z'0 30 Sousnbaay e e burpeoy oT1oAo 03 ps3oel
-qns ses a1dwes syy -810q STOY BY3l 1€ S8DBJIVIUT ISIYS-ISUIASET
Syl 03 SSIDDE UOTINTOS BYI ¥AT6 03 sasusISE3 SYJ PUNCI® DPSACWSI
sem Burjeod aya ‘isasmoy ‘doasoxory yo bBurjeoo e Aq pe3dejoad
SISM UOIINTOS 3SYl YITM 3IDLPIUOD UT SIBUSISEI pue Is9Yys oyl JO
$80BIINS 10TI9I%0 BYL €1 9InBTd UT ATTEOTIEPWSYDS UMOYS SEB DTpoue
s1dwes sya Buryew jwe psrrdde ue pue uoTINTOS TDEN §% UT paszaumr
SISATI £ JO SMOI 7 SY3 JO MOI woll0q Yl ATuo yaim pswziozzad aasm
$3883 3y 'EVINIDNIISOIBY UOIIX3] Aq POTTRISUT SI9M SISUIISET
Yyl -z1 ®anbrg UT pPa3e2ISTIT ST pue ' (Burleod e InoyatA) wAIp,
PSTTeISUT SI8USISEI 1591 JFURSISIUNOD YITM I99YS WNUTWNTE 9L-SL0L
'YDTYI-"UT 090°0 WOIF PITLDTAQEI SBA ‘UCTIOSUUOD VYL - powrogiad
Sem SUOTIDBUUOD PIIBATI JO 53ISDI UOTSOIAOD BUTlI8Il pojeIsasde
3o >uwaﬂnﬂmmmw, 8yl burutwexs IJuswrasdxe Axevutwiiead vy

. UOTIDBUUO) PIIDATYH
® 3o 23831 Burjleas uotsoazo) peaeasTesdy Areurtwrisid

¥ SEEl) BUTISSI JUSUCAWs) PUT TCTISTER t°2

*STIgep Ied9m 9S007 SB w21sAs 8yl I93us
usyl TIta adezans sya Jo uorazod styr - Burinioexy pue Butjeutuesp
Jo ss®doad syl uT ST UDTUM 8ORIANS DpaNIOM ATTARSY DY3 JO uotraazod
e Butmoys ‘Surissxs3ur Arreroadss ST PIt 8anbtga -,suotaedriTubew
Snotiea Je 11 3Inbrd ur umoys st 2doosSoIOTW WOIIDSTD BuTuUEDS
SU3l UT paaIesqo Jeds Ieem oyl Cwr zI = ¢ ‘spnarrdwe dTTS e pue
(e@W 94z = °d sainssaad 20ejuoo uetzaasy yead ® saonpoad yoTyYMm)
By z'0 = M 'eox03 e yitm zH 1~ 3JO Aousnbax3y e e sstoio Huraleaz
0098 = N 01 peadafgns sem oa1dwes 8y ' INO PITIIED Sem TR T9VIS
P3USpIey ‘133SWETP-"UT $°T BYya YITM I0eUCD BurlIsxy ur AOTTrE

o
®

bd
()

©

3x025Dla _—

fasteners

LAP JOINT A2

0.060 in Al sheet with 6 x 0.1875 in dia. fasteners

Dimensions of riveted sample

Figure 12.
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O To develop quantitative mechanistic understanding
of the processes of localized corrosion and corrosion
fatigue crack initiation and growth in high strength
aluminum alloys used in aircraft construction

Based on this understanding, develop mechanis-
tically based probability models that can aid in life
prediction and assessment of reliability




DEFECT SIZE

CONCEPTUAL FRAMEWORK

® Threshold for f1
Crack Growth

% Transition to
Crack Growth

—~"crack Growth
f Dominated

Corrosion
Dominated

TIME (N/f)

UNIT PROCESSES OF CORROSION AND
CORROSION FATIGUE CRACK GROWTH

Local corrosion damage (pit nucleation and growth)
-- mechanisms and kinetics

Transition from pitting to fatigue crack growth
(crack initiation)

Early stages of corrosion fatigue crack growth
(short-crack regime)

Corrosion fatigue crack growth




UNIT PROCESSES & MODELING FRAMEWORK

—

DRIVING FORCES pdf: External Variables } pdf: Internal Variables

+ Cyclic Loading
+ ChemicaVElectrochemical
Reactlons

Stress; delta K; R; Crack/pit size(a,, a,)

freq; temp.; pH; etc. CriCg ¥g AKy,
[

LOGALIZED CORROSION CRACK NUCLEATION

COALESCENCE OF

OCALIZED CORROSION DAMAGE INCIPIENT CRACK GRO
L .
) (1) Design of

* Experiments

if i‘|2hz .
- crack growth
- electrochem. react.

; Mechanistic Models
CORROSION FATIGUE prm—— (e terministic)
CRACK GROWTH

! - ext. variables
., - int. variables

Coalescence —_ l

ipdf: External/ " Probability and
Growth Internal Variables === Stochastic Models

- independence " - mechanistic models
- interactive ¢ = jpdf

CORROSION CORROSION FATIGUE
FAILURE FAILURE

NEED FOR MECHANISTICALLY BASED
APPROACH TO LIFE PREDICTION

Identification of damage mechanism

Identification of key (random) variables

Fundamentally based functional dependence on key variables --
viz. mechanistically based models (minimize uncertainty

associated with statistically based parametric models)

- Optimum utilization of limited experimental data

Rational basis for interpolation and extrapolation




Proverbial Black Box 7

CRACK OPENING

MECHANICAL

i

FATIGUE

REACTIONS

CHEMICAL / ELECTROCHEMICAL

8ULK MASS TRANSPORT]

y

5 Hotgan

%

Lawd M + (y+m) H.0 — M{OHY 't H,0 «H | ] FRESH SURFACE
ENVIRONMENT OF SPECIES Yy (ada} GENERATION

NEED FOR MECHANISTICALLY BASED
APPROACH TO LIFE PREDICTION

-
I CYCLIC LOADING l

Y
HYDRAOGEN

HYDROGEN OIFFUSION
AND PARTITIONING

ABSORPTION

Hiads) = Hiann

» Disiocauon Transpon
» Gran Boundary Ditusion

o Buk Lattce Oillusion [~

s Trapping

P

HYDROGEN
EMBRITTLEMENT

« H-M lnteraction
- decohesion

©suface energy [

reguction
© Internal pressure
° 4nhanceda plasicly
» Hydnde Formavon

!

CYCLIC LOADING

PRINCIPAL ISSUES TO BE ADDRESSED

Identification and verification of key internal and external

random variables that control each of the unit processes, and
determination of the stochastic nature of each process

Quantification of the probability distribution function (including

time variance) of each of the key variables

Development of quantitative understanding of the rate controlling
step and mechanism for each damage process, and formulation of
a mechanistic (deterministic) model for each that describes the

functional dependence on the key variables

Integration of mechanistic models and probability distribution
functions, and formulation of mechanistically based probability
models for life prediction and reliability assessment




CHEMISTRY FOR SIMULATED CREVICE
(2024-T3 Aluminum Alloy)

Crevice geometry (cell volume: 10 m¢; crevice height: 0.27 mm,
non-crevice-to-crevice area ratio: 2:1); bulk solution (0.05, 0.5,
2.0M NaCl; [O,] = 7 ppm; pH = 6; T = 20°C; flow = 2.5
mf/min.)

Solution pH inside crevice depends mildly on [CIT; pH increases
at first (more alkaline) and then becomes acidic with time,
stabilized at about 4.5

Corrosion potential inside crevice depends on [CI], tending to be
more noble (cathodic) at the higher concentrations (-540, -610,
and -650 mV versus Ag/AgCl for 0.05, 0.5, and 2.0M NaCl

solutions, respectively)

LOCALIZED CORROSION IN 2024/7075 ALLOYS

o Local'ized corrosion (pitting) in both alloys are associated with
constituent particles; about 3,000 particles/mm? (> 1 um?)

Two types of particles identified: Type A (anodic) and Type
C (cathodic) with respect to the matrix; Type A dissolves,
Type C induces trenching in adjacent matrix

2024: Type A (Al,Cu,Mg) Type C (Al,Cu,Fe,Mn)
7075: Type A (Al,Cu,Mg,Zn) TypeC (Al,Cu,Fe,Cr,Mn,Zn)

Pitting strongly temperature and pH dependent

Pi.tting very complex and appears to involve 3-D interactions
with constituent particles; kinetics and distribution needed

Corrosion sensitivity appears to be orientation dependent;
being more severe in the thickness orientation




LOCALIZED CORROSION IN 7075-T6 ALUMINUM ALLOY
0.5M NaCl @ RT (Free Corrosion, pH 6) --3 h

Before

CONSTITUENT PARTICLES IN 7075-T6¢ ALLOY
Typical Size Distribution in Weibull Format

In(area)

-

Aluminu 075—- -
As Polisszcled'? S TB_.
e | . e aaal

cdf, F(xlxp) = Pr{X<x|X>xp}

10! 102
Particle Area (;umz)

—
o
[ =]




EDX RESULTS FOR SELECTED PARTICLES IN 7075-Té6
BEFORE AND AFTER CORROSION (0.5M NaCl @ 80°C, 3 h)

Type A

Particle Corrosion KaIntensity (counts)
Type  Testing o

Mg Cr Mn Fe Cu Zn

Al before TR* ND* ND ND 8510 759
after TR ND ND ND 7828 654

A2 before 313 ND ND ND 8326 718
| after 240 ND ND ND 6841 591

A3 before N/A N/A N/A N/A N/A N/A
after ND ND ND ND 6221 536

A4 before N/A N/A N/A N/A N/A N/A
after ND ND ND ND 8756 650

* ND: not detected * N/A: not available * TR: trace

EDX RESULTS FOR SELECTED PARTICLES IN 7075-T6
BEFORE AND AFTER CORROSION (0.5M NaCl @ 80°C,3 h)

Type C

Particle Corrosion Kalntensity (counts)
Type  Testing

Mn Fe Cu

Ci before
after

C2 before
after

C3 before
after

C4 before
after

* ND: not detected




ELEMENTAL MAPS FOR 7075-T6 (Thickness)

LOCALIZED CORROSION AT CONSTITUENT
PARTICLES IN 7075-T6 ALUMINUM ALLOY
0.5M NaCl @ RT (Free Corrosion, pH 6) -- 42 h

1 T T | 1

B . . i T T v
Particle: A L - Particle: B

Count

LIS
ni!

! R
NN M L
rji..) TVTA—— o

ke SVSU I

oL —
0123456758910 B

V]

01 23456780910
Energy (keV) Lnergy (keV)




Count

LOCALIZED CORROSION AT CONSTITUENT
PARTICLES IN 7075-T6 ALUMINUM ALLOY

0.5M NaCl @ 65°C (Frce Corrosion, pH 6) -- 10 h

P Sl e

Particle: A

Al

Cr
Fe

! L i 1 ¢ L i

2345678910 8

Energy (keV)

M ;{ [N

' I f.‘

b ]
\ernaf

1 i 1

J 456785910
Energy (keV)

GROWTH AND COALESCENCE OF PITS
0.5M NaCl @ 65°C (Free Corrosion, pH 6) -- 10 h (7075-T6)




LOCALIZED CORROSION IN 2024-T3
0.5M NaCl @ RT (Free Corrosion, pH 6) -- 3 days

A01F36-614,5.6

CRACK NUCLEATION AND EARLY GROWTH

G  Crack nucleates from areas of severe local corrosion (pits)

Failure by-and-large results from a single nucleation site (formed by
pitting corrosion from a cluster of Type A particles); dominant flaw
model appears to be appropriate

Pit-to-crack transition size appears to depend on frequency, being
larger at lower frequencies (competition) -- addition to transition
criterion needed; suggest

AK = AK, and (da/dt)ee 2 (da/dy),,
Transition AK: about 2.5 MPav'm at 5-20 Hz to about 5 MPav/m at 0. 1
Hz for applied o,,,, = 320 MPa (@ open hole)

Extent of (post crack growth) pitting of the fracture surface also
depended on frequency (reflecting the duration of exposure), further
confirms the competition between corrosion and corrosion fatigue
crack growth




CRACK INITIATION AND EARLY GROWTH

0.5M NaCl @ RT (Free Corrosion, pH 6)
(00 dhee = 320 MPa, R = 0.1, f = 0.5 Hz (43.3 h)

Multiple Initiation Adjacent to Main Crack
AO01F51-129,30,31

CRACK INITIATION AND EARLY GROWTH

0.5M NaCl @ RT (Free Corrosion, pH 6)
(Omadnoe = 320 MPa, R = 0.1, f = 10 Hz (2.2 h)

AO01F14-401,2,3

ey




CRACK INITIATION AND EARLY GROWTH

0.5M NaCl @ RT (Free Corrosion, pH 6)
(0padnoe = 320 MPa, R = 0.1, f = 10 Hz (2.2 h)

Sub-surface Corrosion Damage

AO01F14-405.6

CRACK INITIATION AND EARLY GROWTH

0.5M NaCl @ RT (Free Corrosion, pH 6)
(Oadnoe = 320 MPa, R = 0.1, f = 0.1 Hz (160 h)

Initiation Site A

AO01F20-007,14,18




TRANSITION FROM PITTING TO FCG
Effect of Frequency (0.5M NaCl @ RT, o, =320MPa, R=0.1)

Sample Frequency  N; [cycles] Nf[cycles] (Pit Size)* (AK) @ surface
No. [Hz] It [hrs] /tf [hrs] 2¢ x a [um) [MPavVm]

A01F29 20 not available 58,629/0.81 50 x 80 2.83
AO1F14 10 29,700/0.83 78,745/2.19 45x 35 2.27
AO01F05 5 23,970/1.33 59,381/3.3 45x 60 2.60
AO1F39 5 27,470/1.53 64,800/3.6 40x 60 2.50
AO01F51 0.5 39,830/22.13 71875/43.26 75 x 200 3.65
AO01F08 0.5 41,138 /22.85 not available 67 x 150 341
AO01F20 0.1 18,635/51.76 57,809/160.58 100 x 250 4.20

AO01F361 5 8,000/0.44 67,392/3.74 100 x 150 3.96

2¢ = maximum width of the pit;
a = maximum depth of the pit.

Three day pre-exposure to NaCl solution
prior to corrosion fatigue testing.

A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH
A Dominant Flaw Model for Pitting and Corrosion Fatigue

(After Y. Kondo, 1989; Kondo and Wei, 1989)

Pitting corrosion (constant volumetric rate; coalescence of
particle induced pits)

Transition from pit (hemispherical) to crack (semi-circular)
based on fatigue crack growth threshold (need to incorporate
frequency dependence and effect of chemically short crack)

Further transition from semi-circular crack at open-hole to
through-thickness crack




A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

(continued)

Constant stress amplitude fatigue crack growth using a
power-law relationship @ 2 and 10 cycles per day (spectrum
loads are being incorporated)

Models were assumed to capture some of the key mechanistic
features, and provide reasonable "predictions” of response

The model incorporated initial defect size, corrosion rate,
fatigue crack growth rate coefficient, and fatigue crack
growth threshold (AK,) as random variables, and permitted
examinations of the contribution of each of these variable to
the distribution in life.

A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

Pitting Corrosion and Crack Initiation




A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

Corrosion Fatigue Crack Growth

n
(da/dN), =C_(AK) ¢

AK =glg—KAdﬁZ; Ak =F | £ |acvma
s ;¢ et r

P )= 23940681

Vol ™ (a/r0)+0.324

A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

Time-to-Failure

t

f

Kt=2‘6; r0=3mm; af=3mm; nC=3

| 10 AK, TP
;= 606410 g gsn jod| oen| _,
f [ [AH:l AG
exp| ——
P RT

| 0.192Acr_0_751

=t .+t +t
ci tc cg

th

+ 3
VCC(AG)

rvs: aO,CC,IPO,AK[h, parameters. v, Ac, T




A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH
Cumulative Distribution Function for L

tfis a function of the rvs: a, CC, IP ’AKth'
Its cdf is found via the multi-dimensional change of variables
theorem for ®: B — N, where the components of B and N are

Bl :CC;BZ =IP0;B3 =AKth;B4 =a0

N1=tf;

The inverse ®-/ and the Jacobian J can be found explicitly.

N2=BZ;N3=B3;N4=B4.

t ©00oQco

F, (=] [ ] [V1 fg(@ () dn,dnydn,dn,
0000

A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

In(time; days)
DEFECT SIZE

-
—

1 U ] T 1

[~ AK,, = S.OMPv)m

"T = 203K

["Ac = 90MPa /

|-~ v = 2gyc/day

| = = v = i0cyo/day |,
- ==~ orack initiation,

ALLOWABLE DAMAGE

o0 o o000
O N OO 0D

CRACK
GROWTH

—

CRACK
NUCLEATION

e
o
-

cdt, F(t) = Pr{T, < t}

1 1 | VS PN 1 Il i

PIT GROWTH

TIME (OR CYCLES) 1ot 10* 10 10
time (days)

] ] 1 1 ]
R DN - O N
[Gp2 - 1)ui-]ug




A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH

Influences of Stress Level and Temperature

In(time—to~failure; days) In(time—to—failure; days)
1 2 3 4 6 6 9 1o 1 2 3 4 6 6 7 8 9§ 10
L 1 T 1 T 1 i

AK,, = 3.0MPavm

Ac = 90MPea

v = {0cyc/day

n, =3

T T T T T
AK,, = 9.0MPavm
T = 293K
v = {0cye/day
n, =3

1
- O = n

§
N

{(po z 1)ar-Jur

[~ temperaturs (K)
— 373
- - 283
- .-~ 313

]
S

1 i
10t 102 10% 104 1! 102 103

time—to—{failure (days) time—~to—failure (days)

A PROBABILITY MODEL FOR
PITTING AND FATIGUE CRACK GROWTH
Contribution of Individual Randon Variables

In(time—to—-failure; days)

6 6 7 B8 9 1011 12 13 14 15 16 17 18 19 20
LARE RAAS RARE FARE M= Mt Miad

S = N

I
o

- -2
«=-=8
Peg is fixed

!
]

u: AK,, = 3.0MPavm
v = 10cyc/day

Ac = 90MPa

T = 293K

n, =3

[(Gpo — 1)ur-]ug

cdt, F(t) = Pr{T, < t}
] |
(<] ny

[}
-

sannd el A N
10® 107 10®
time—to—failure (days)

i
~2




SUMMARY

Pitting in aluminum alloys is associated with constituent particles

Cracks nucleate from areas of severe local corrosion (i.e., pits
formed from clusters of particles)

Failure by-and-large results from a single nucleation site; dominant
flaw model appears to be appropriate

Pit-to-crack transition size depends on frequency (and stress level),
being larger at lower frequencies (competition) -- transition criteria:

AK > AK, and  (da/dt), > (da/dt)

pit

Development of mechanistic and stochastic models to incorporate 2
and 3 dimensional aspects of pit coalescence and frequency depen-

dent transition (crack nucleation) criteria, along with an appropriate
model for corrosion fatigue crack growth




AFOSR/URI Materials Degradation

University of Illinois at and Fatigue
3:;;;?&13111;2; Under Extreme Condition

Introduction

" Background:

Surface cracks under rolling
contact loadings grow faster in
the presence of lubricants.

Issues:

* Role of hydraulic pressure in
crack propagation.

e Solid-Viscous fluid interaction.
* Properties of lubricants.
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Static Fracture Pressure vs. Initial Crack Length
for Alumina AD-94 Specimens
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Initial Stages of Metallic Oxidation

Professor Steven J. Sibener

James Franck Institute and
Department of Chemistry
The University of Chicago
-5640 South Ellis Avenue
Chicago, IL 60637

Today's Topics

e Electron Stimulated Oxidation of Metallic Interfaces:
Ni(111) at Low Temperatures
» Synergistic Effects Due to Electron Irradiation

e Initial Stages of Oxidation for a Stepped Metallic Surface: Ni(977)
» Step Doubling/Undoubling Due to Oxygen Adsorption

» Atomic Force and Scanning Tunneling Microscopy Studies of
Metallic Oxidation
» Real Space Imaging of Corrosion Events
e Future: Stress Effects in Metallic Corrosion
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What are the initial stages of oxidation for
a stepped metallic surface?

Ni(977): Model system for corrosion studies

Structural and Vibrational Properties Characterized with Low
Energy Neutral He Scartering

Observation of Step Doubling and Un-Doubling

» Kinetics

« Diffusion Coefficients for Ni during Oxidation

* Mechanism of Step Coalescence

How do the forces present at stepped surfaces differ

from those at smooth surfaces and the bulk?

» New Localized Modes

* Concepts: Surface Stress and Surface Softening

SCHEMATIC DIAGRAM OF THE HIGH RESOLUTION
NEUTRAL PARTICLE SCATTERING APPARATUS
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Ni(977) Single Step

(111)

SCHEMATIC DIAGRAM OF Ni(977) SURFACE AND
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Ni(977) + Oxygen ( < 0.06 L)
Double Step
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Temperature Range Over Which Step Doubling Occurs
(ca. 375 - 575K)
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Key Technique:
We use out-of-phase condition for single stepped surface:

kh(cos8i +cosof) = (2n+1)=,

and in-phase condition for double stepped surface:

k(2h)(éosei + ¢cos8f)= 2(2n+1)rx = 2mr,

so that we can monitor the diffraction intensity due to
double stepped surface only.

Helium Scattering From A Fully Double Stepped Surface
( In-Phase: High Signai) And A Fully Single Stepped
Surface (Out-of-Phase: Low Signal)

§=28.4°

i

Ei=20.2 meV
Crystal At 450K

Intensity
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Time Evolution of Double Step Population
Upon 0.048L of Oxygen Exposure

(99s001% ) sy,

Kinetics of Step Doubling:

S +S -——--D, 2nd QOrder,

db] _
ac =KU-DIR,

Assume Ip = [D],
1
Then. Ip(t) = Io(l-m

Arrhenius Analysis: Mobility information for surface Ni
atoms with the presence of oxygen

Under 0.018L of oxygen exposure:
Ea = 0.74eV, Ap = 5.2x105S-1

Under 0.048L of oxygen exposure:
Ea = 0.52eV, Ag = 1.35x103s-!

Oxygen coverage dependent, surfactant assisted.
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The geal is to

¢ Understand this system mathematically. ie. exs-
tence. uniqueness: continuous dependence, numerical
solutions. '

e Determine whether it is useful in predicting failure.
Le. practical value, how well does it model reality.

Results to date:

Application of known mathematical techniques gives
existence theory. Because system is hyperbolic/parabolic
answers to other questions are still at a very preliminary
state.

IMPEDANCE IMAGING
FOR
AIRFRAME CORROSION PREDICTION AND DETECTION

Prof. Owen F. Devereux
Pocheng Su

Department of Metallurgy

and
Institute of Materials Science

University of Connecticut
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ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Metal / Electrolyte Interface behaves as RC Circuit

I

Cp
Rs: Solution Resistance

R,: Corrosion Resistance
GC: Capacitance

" Nyquist " plot for the drcuit

- IMAGINARY

R, . R,+R,
REAL

Real component of impedance vs. imaginary component
(Parametric in frequency)

@ : Angular frequency




Corresponding " Bode " plot
(log! z | vs. log f:requency?

| Zreal | —

| Zimag | ==~

log frequency

Real and imaginary components of impedance vs.
frequency.

Paint Film Protected Aircraft Structure

Paint fil

\
\

7075-T6 aluminum

Steel fastener




Localized Corrosion in Aircraft strocture

Penetration of electrolytic solution
through cracks of painted layer .-

L/ I T T T T 1477 770707007707

beneath paint

7075-T6 aluminum

Crevice corrosion

Crevice Corrosion at Fastened Joints

washer
low oxygen concentration
(anode). high oxygen concentration
\\ outside(cathode)
1
corrosion J.‘-. /
product ( = - j
= @

\ rvet

Cathodic reaction (at oxygen rich site)
1202 + H20 + 2¢¢ — 20H

Anodic reaction (at oxygen poor site)

M —e M* .+ 2o

At mouth of crevice
M . 20K M(OH):2 (solid)
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Corroding galvanic
Sub-film cerrosion
Crevice corrrosion
below film

§ Intergranular Corrosion

LS
D).

,...
——
Al

L

4.0£406
experimental (o) 10 days

experimental (+) 20 days
simulated ---

o

Rp=1.1€7 (ohms)
J.0E+06 -+

Rp=5.7E6 (ohms)

-Zimag {ohms)
3

10E+06

T

1 1 1
1.0E +06. 20E+06 J.0E+08 40E+06 5.0E+06
Zreal (ohms) :

Impedance of painted 2024-T3 aluminum specimen
in sea water — intact paint film.




Equivalent circuit for coated specimen
. Re

Rpo A

Ry .
—t

Ce

|
l

l

Rs : solution resistance
Rpo: pore resistance

Cc : coating capacitance
Cp: capacditance of corroding interface(double layer)

Rp: corrosion resistance

experimental (o) 7 days
experimental (+) 20 days

simulated ---

-Zimaq (ohms)

:

Rp=2.3E4(ohms)

Rp=7.3E3 (ohms)
1.2€405

60000
Zreat (ohms)

Impedance of painted 2024-T3 aluminum specimen

in sea water - visible blister.




2.1E+05

14E4+05

-Zimag {ohms)

experimentdl (o) 1 days
experimental (+) 12 days

Rp=6.1ES (ohms) simulated ---

Rp=2.7E5 (ohms)

Zimag (ohms)

¥

t 1)
70000 1.4E+05 2.1E405 2.8E+05

Zredl (ohms)
Impedance of chromated 7075-T6 aluminum

in sea water.

IMPEDANCE SPECTROSCOPY

-10.0
-20.0+
-30.04
~40.0

00 25 250 ¥5 S00 625 70 &5 w00 125 250
Zreat (ohms)

Chromated 7075-T6 in sea water with film defect
showing inductive behavior.



Equivalent drcuit for coated Sspecimen

Rs : solution resistance
Rpo: pore resistance

Cc : coating capacitance

L : inductor associated with adsorption(chromate ?)

Rp: corrosion resistance

Project Objectives

1." Fingerprint " various modes of corrosion
via electrochemical impedance spectroscopy.

2 Understand " fingerprints " in terms of
electrochemical fundamentals.

3. Develop field instrument to collect
" fingerprints " from aircraft.
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Project title:

Nondestructive Evaluation of Corrosion-Damaged
Structures |

“Application of Electrical Impedance Tomography
to Corrosion Monitoring”

Fadil Santosa | Ian Hall
Mathematical Sciences Material Science
University of Delaware University of Delaware
Michael Vogelius William Mayo
Mathematics Mechanics and Material Science
Rutgers University Rutgers University

Peter Kaup and Henry Konstanty (Grad Students)
To be named (Postdoc)

' Main Goals:

e To assess, through theoretical, computational and laboratory work,
if Electrical Impedance Tomography can be used effectively as a
Nondestructive Evaluation tool for corrosion management.

e To generate knowledge base for future development of realtime
NDE tool for corrosion.

e To develop basic knowledge of corrosion phenomena in modern
materials particularly those used in aircraft applications.
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Mathematical problem:

u(z. y) voltage potential generate by current distribution, satisfies

Viu=0 for 0<z<1, 0<y<a+d(z).

du du
—(0.y) = 5;(1.y) =0.

du
EP —(z,a+6(zx)) =0.

o

Input current idealized as
Data idealized as

Notation: ug(z,y) potential when 8(z) = 0; V(z) := ug(z, 0).

Problem: Determine 8(z) from V(z) given f(z).

Some pertinent issues:
¢ What distribution of current, f(z), is best?

e What is the smallest anomaly, represented by 8(z), that such a
device can detect?

¢ How to find the anomaly from the data V(z)?

Best current:

The best f(z) will depend on what 8(z) we are trying to find.

Optimization problem: Find f(z) such that for a given known d(zx)
such that (V(z) ~ Vo(z)) is as large as possible (say in RMS).

In absence of prior knowledge, we assume that we are trying to find a
pit at the center of the plate.
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Immediate plans

o develop enhancement technique to handle limited resolution
o complete construction of laboratory equipment
o test method against laboratory data

o develop three dimensional version of the method and laboratory
experiment

Other activities:

o Experimental investigation of corrosion in metal-matrix compos-
ites (Hall and student). Some data already generated.

o Experimental investigation of stress corrosion cracking (Mayo).




CHARACTERIZATION OF MATERIALS
DEGRADATION DUE TO CORROSION AND
FATIGUE IN AEROSPACE STRUCTURES

Principal Invéstigator:

Ajit K. Mal
Mechanical Aerospace and Nuclear Engineering

Co-Principal Investigators:

Jenn-Ming Yang
Material Science and Engineering

Ken Nobe
Chemical Engineering

University of California, Los Angeles
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Project supported by the Air Force Office of Scientific
Research (AFOSR) Under University Research Initiative (URI)




OVERVIEW OF RESEARCH
Electrochemistry of Corrosion in Metals and Alloys

Conduct laboratory tests to determine the parameters that
control the growth and dissolution of salt films at crack and
pit sites in aluminum, titanium and their alloys.

Degradation of Metal—Matrix Composites Under
Fatigue Loads '

Conduct laboratory tests and micromechanical modeling to
develop a fundamental understanding of the relanonshlp
between damage accumulation and property degradation in
SiC/Ti composites under fatigue loading.

Nondestructive Evaluation of Materials Degradation

Develop ultrasonic techniques using immersion as well as
contact type arrangements to detect and characterize hidden
damage in structural components.

ELECTROCHEMISTRY OF CORROSION IN METALS
AND THEIR ALLOYS

® Growth and breakdown of salt films on 2024T4 and
6061T5 aluminum and pure titanium in concentrated
chloride media were studied in an effort to understand the
electrochemistry of localized corrosion in these materials.

Fig. 1a shows the experimental setup and Fig. 1b shows the
details of the cell used.

Figur'es 2, 3 and 4 show typical results for a 2024—-T4
aluminum rotating disc electrode in 5M NaCl solution.

Results indicate that the growth and dissolution of anodic
films give rise to strong potential peaks. The dynamics of
the process is chaotic at low current densities but becomes

quasiperiodic with frequency of approximately 12 Hz at
higher currents.
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Fig. 1a. The general experimental setup used in the corrosion experiment
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Fig. 9 Damage evolution near crack tip in SCS-6/Ti-15-3 composites

NONDESTRUCTIVE EVALUATION OF MATERIALS
DEGRADATION ‘

® Stiffness and thickness reduction in corroded aluminum and
heat-damaged Gr/Ep composite panels were characterized
based on the measurement and analysis of guided wave
speeds using contact transducers.

Characterization of hidden defects in aluminum lap joints
was accomplished using contact ultrasonics.

Source location was determined through measurement and
analysis of waveforms from fatigue crack propagation
events in notched aluminum specimens.

Thermal degradation in adhesive joints and Gr/Ep
composites was characterization from measurement and
analysis of leaky Lamb waves.




® Characterization of stiffness and thickness reduction in
corroded aluminum and heat-damaged Gr/Ep composite
panels based on the measurement and analysis of guided
wave speeds using contact transducers.

Fig. 10 shows a typical source/receiver arrangement, the
recorded waveforms and their frequency spectra for an
aluminum plate of 1/8” (3.2 mm) thickness.

The source is a 5—cycle, 200 kHz tone burst. The first two
wave—arrivals are the extensional and flexural waves
propagating across the array. .

The group velocity of each wave was calculated from the
data; they are 5.2 mm/us and 3.1 mm/us, respectively. The
shear wave speed in the material and the thickness of the
panel are calculated from these two values.

Reductions in shear wave speed and/or thickness from their
standard values can be attributed to degradation.

MBca . 07 go -

Source

0
O 50
O 100

O 150

mm

Fig. 10. Velocity measurement of guided waves using muitiple receivers.




@ Characterization of hidden defects in aluminum lap joints

using contact ultrasonics.

Figures 11 and 12 show the transducer arrangemehts and
recorded waveforms in an undamaged and a damaged lap

joint.

The amplitudes of the waves recorded by the third receiver
in the two specimens are significantly different.

The reduction in the amplitude is caused by the hidden
damage; the amount of reduction is a measure of the degree

of damage.

[

Cere  FFT__

WaveFerm

1 n 1 M Source

|44 0.00 a00 360

L)

Lap Joint
Without Corrosion

Receivers
1 2

Qo

Fig. 11. Lap joint inspection using contact ultrasonics: no hidden corrosion.
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Fig. 12. Lap joint inspection using contact ultrasonics: joint with hidden corrosion.

® Source location and characterization from measurement and
analysis of waveforms due to fatigue crack propagation
events in aluminum specimens using the Fracture Wave
Detector made by Digital Wave Corporation.

Fig. 13 shows a typical experimental arrangement using an
array of four receivers and a simulated AE source (lead
break). Also shown are the recorded waveforms which
consist of extensional and flexural waves propagating across
the array.

Spectral analysis of the waves leads to the determination of
the source location.

Fig. 14 shows a fatigue test on a notched aluminum
specimen. The Fracture Wave Detector was used to locate
cracking events during the fatigue test at 2 Hz. A total of
432 events were located.

The waveforms recorded in a typical event are shown in the
top left panel; the source is located through signal
processing and spectral analysis of the flexural waves.
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Fig. 13. Source location in 2D using Fracture Wave Detector made by Digitai Wave Corporation.
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Fig. 14. Source location in fatigue test using Fracture Wave Detector made by Digital Wave Corporation.
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Characterization of thermal degradation in aluminum
adhesive joints from the measurement and analysis of leaky
Lamb waves.

Fig. 15 shows the leaky Lamb wave setup; it is used to
measure guided wave speeds in specimens immersed in
water.

Fig. 16 shows the Lamb wave dispersion curves in an area
away from the bond before and after heat treatment.
Clearly, there is no change in the properties here.

Figure 17 shows the same for the bonded region; there is
a significant shift downward in the dispersion curves,
indicating reduction in overall stiffens. B

Figure 18 shows the change in the dispersion curves due to
heat damage in a bonded titanium specimen.

The data will be analyzed through modeling in an effort to
quantify the damage.

=
[
E
Q
[
a,
1]
n -

adhesive

. |

specimen

Baxter DN-43 oven

Fig 15 The leaky Lamb wave seiup for inspection of heat damaged adhesive joints.
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RESEARCH PLAN FOR NEXT YFAR

Extend corrosion experiments to include simultaneous
application of quasistatic and cyclic loading in aluminum
specimens. )

Construct predictive models for crack initiation and
extension from pit sites in corroded aluminum panels under
static and fatigue loadings.

Continue work on the characterization of fatigue—induced
degradation in high temperature composites. -

Continue research on ultrasonic NDE using guided as well
as bulk waves for quantitative characterization of: (a)
hidden corrosion in real lap joints, (b) bond deterioration in
adhesive joints, (c) heat damage in Gr/Ep composite panels
and (d) the integrity of boron/epoxy repair patches in
aluminum panels.

Fig. 18. Lamb wave dispersion curves in bonded titanium before and afier heat treatment
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Research Tasks

Task 1 NDE Instrumentation Development

~ Existing instruments: MicroSQUID, imaging
SusceptoOmeter, nansQum

— High-sensitivity ELF eddy current system

— Digital SQUID (with Hypres, Inc)

— High-T, systems

— Fiber-optic/laser ultrasonic technique to image cracks
perpendicular to the scanning plane

— Real-time optical NDE systems using adaptive
photorefractive crystals and synchronized stressing

VANDERBILT MAGNETIC IMAGING FACILITY

Cusiom Non-magneic
Cryosial

Facility Schemaric




Dewar Tail issembly

DC Magnets
AC/DC Magnet

DetectorArray

Coils and
AC/DC Magnet
Assembly

Pickup Coils Configuration

Vanderbiit XSQUID

A 25.4 mm square sample of plexiglass containing five 1.8 mm diameter holes
was magnetized in a 110 uT applied field and scanned at a distance of 2.0 mm.
Images show the distribution of diamagnetic material.
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paramagnetic microspheres.

Magnetic field recorded 2.0 mm from sample with 174 uT applied field.

4

k2

surface decorated with

NDE test sample containing electric discharge machined rectangular slots
Susceptibility images display location and size of surface defects.
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Task 2 NDE Theory and Techniques

—SQUID measurements: Imaging of injected and ELF
eddy currents .

— Time reversal t“ech‘niciﬁes for ultrasonic NDE methods
— Models for NDE measurements

= Static model of spheroidal holes

* Static, three-dimensional finite element model
* Boundary element model

» Eddy current models

* Measurement models for ultrasonics

Test sample

Sheet inducer
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DECONVOLUTION OF DISTORTED IMAGES

Our group has been employing two basic methods for recover-
ing current density information from magnetic field measure-

ments. These methods have been developed at Vanderbilt and
are referred to as

e Signal Enhancement

¢ Blind Deconvolution

- Signal enhancement is a more mature technique and it has
rendered useful deconvolution for recovering current density.
Our groups blind deconvolution method is relatively new and

is under development. It may be more promising for the task
at hand.

Figure 2-1. Example of image processing capability using muitiple filters.




CURRENT DENSITY RECOVERY
VIA BLIND DECONVOLUTION

In the two dimensional recovery problem, the measured image
(magnetic density) is assumed to be governed by

yimm) = £ % oli,k)a(m—jin = k) +u(mn) (1
in which the point spread functica ¢{(j, ) is not known. It
is desired to recover the current density z(m,n) from these
noise contaminated magnetic density measurements. The sig-
nal processing group at Vanderbilt University is developing an
algorithm for solving this two-dimensional blind deconvolution
problem. The results shown on the next transparency have
been obtained using this groups one-dimensional blind decon-
volution algorithm. When the two-dimensional algorithm is
finalized, significantly better image recovery performance will
be obtained.

R
g <
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coavolution, (d) recovered magnitude along

rrywag wire ia the shape of VU, (a
{ the iaduced magnctic feld, (c)
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Figure 3-1. Blind decouvolution on a current ca
current source deasity, (b) the z-com

magnitude along the y-direction usin
the x-direction using blind decouvol
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Task 7.1:Reliability of Detection & POD. Analysis

Objective: Simulate the reliability of NDE methods based on FORM/SORM

technologies
Approach: Use perturbation models of the governing physical detection

processes and combine these with probabilistic models of the independent

random variables
First-year Status:
+ Assessed the SOA for probabilistic NDE

 Defined valid NDE POD modeling approach

« Demonstrated BEM sensitivity approach on collaborative effort
 Applied probabilistic methods te rotor cracking field problem

e Initiated engineering approach to SQUID with Tony Ewing

» Developed illustration problem for SQUID POD model

faspectan saasithity
 aspection relabiity
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Task 4 Damage Detection in Composite Materials

— Techniques for detection and characterization gf
matrix cracking, porosity, fiber/matrix debonding

~ Real-time NDE techniques for monitoring damage
evolution

Task 5 Fatigue Damage Characterization

— Constitutive relations for cyclic deformation

— Non-linear finite element analyses of cyclically-loaded

|

i

|

\

LT - Prepa.ration of lawed samples: Riveted assemblies
rivet holes. '

— Characterization of structural changes attending fa-
tigue: Aluminum alloy sheet with rivet holes.
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Task 6 Corrosion

- — Identification of aircraft structures and corresponding

corrosion-related failure modes.
— Procedure development.

— Examination of scientific 'pAroblems.

. — Practical NDE detection of corrosion-related damage.

s
Amv

..
T
il

po———"
——

=

i

Figure 6-1. Schematics of the three active in-situ corrosion model-systems: (a) Active pitting
corrosion, (b) Active uniform corrosion, aad (¢) Active stress corrosion cracking.
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ESPl, SHEAROGRAPHY, HOLOGRAPHY

LARGE AREA INSPECTION
RAPID TESTING

FULL-
ADVANTAGES
AD

Diffusion-bonded Titanium Alrcraft Structures

Space Shutile Component Inspection
» Shearography NDT of B1-B Engine Inlet, Wing Skins and Spars

NOISE PRONE

Concorde Elevon Inspection

Beech Aircraft NDT of metal-metal bonds, aiuminum honeycomb etc.

GOQAL_: To develop dynamic holographic NDE system which will be

- Noise insensitive

— analog (faster and less expensive than ESPI/ Shearography)

-~ high-resolution




FAA - CENTER FOR AVIATION SYSTEMS RELIABILITY

SPECIMEN CONVENTIONAL ASPM-ESPI
GEOMETRY ESPI

-Note that in the conventional technique some of the dishonds are not detected due to
ambient noise.
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Elsctro-optic Effect
REFRACTIVE INDEX
MODULATION

Migration & Relocation

NON-UNIFORM INTENSITY

SPACE-CHARGE DISTRIBUTION

|_PHOTOEXCITED FREE CARRIERS |

PHOTOREFRACTIVE CRYST
MATERIALS IN WHICH THE PRO
BEAM MODIFIES THE INDEX
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ADVANCED INSTRUMENTATION AND VIEASUREMENTS FOR EARLY
NDE OF DAMAGE / DEFECTS IN AGING AIRCRAFT
AFOSR-URI/ NORTHWESTERN UNIVERSITY

TASK 4: DAMAGE DETECTION IN COMPOSITE MATERIALS

TASK LEADER: LM. DANIEL

OBJECTIVES: THE OBJECTIVE OF THE PROPOSED TASK IS TO
DEVELOP AND APPLY NONDESTRUCTIVE EVALUATION METHODS
FOR DAMAGE DETECTION AND DAMAGE EVOLUTION IN
COMPOSITE MATERIALS FOR THE PURPOSE OF DEVELOPING
DAMAGE ACCUMULATION AND LIFE PREDICTION MODELS.

DELIVERABLES: TECHNIQUES FOR DETECTION AND
CHARACTERIZATION OF MATRIX CRACKING, POROSITY,
DELAMINATION AND FIBER/MATRIX DEBONDING IN COMPOSITE
MATERIALS; REAL-TIME NDE TECHNIQUES FOR MONITORING
DAMAGE EVOLUTION.

ULIltrasonic Characterization of Matrix
Cracking in Crossply Laminates -

Material: IM7/3501-6 carbon/epoxy.

Layup: ~ [0/90,], and [0/904], crossply
laminates.

Loading: Monotonic uniaxial tension.

Measurements: - Stress-strain behavior.

' X-radiographs for crack density.
Ultrasonic backscattered energy,
wavespeeds, and attenuation.
Monitoring of Acoustic Emission (AE)

Results: Correlate ultrasonic and AE
measurements with matrix cracks and—
degradation of material properties.




Fig. 1L Schemaric diagram of system used for real-time monitoring of damage development

in composite

0.8
Strain, e, %

Stress-strain curve and uitrasonic back scattered energy as a function of
applied strain.
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Fig. 5. Histograms of AE events of amplitudes above 85 dB as a functon of applied
strain.

Conclusions

e Ultrasonic backscattered energy is constant in the
- linear region of the stress-strain curve.

o Backscattered energy increases sharply in the matrix
cracking region up to the crack saturation point.

e At the crack saturation point, the backscattered energy
is stabilized or starts decreasing whereas the
stress-strain behaves linearly.

® Matrix cracking produces primarily high amplitude
(greater than 85 dB) AE signals.

e Low amplitude signals in large numbers are noticed in
the last part of the stress-strain curve possibly
associated with the failure mechanisms or internal
friction.
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Adaptive Time-Delay Technique

» Advantages

e Compensates for Material Variations

* Automatic Focusing on Largest Scatterer

e Adaptive Focusing with Standard Hardware
» Procedure

. Measure Reflected Signal from Scatterer

. éalculate Time Delays with Cross-Correlation
Algorithm

* Reverse Time Delays and Excite Array Transducer

Adaptive Time-Delay Test Configuration

8 Tllement Array Transducer

Aluminum
Black
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Philosophy

« Basic research to develop new mstrumentatlon.
* and to improve existing devices

o Fundamental studies on damage mechanisms
« Advanced measurément techniques
. Mathema.tlcal models

» Quantitative comparison of techniques
o Evaluation of capabilities and hrmtatlons '
e Technology transfer




Quantitative NDE for Detection and
Characterization of Hidden Corrosion

J. C. Moulder, J. H. Rose, and J. N. Gray
Center for NDE

Iowa State University
Ames, TA 50011

This work was supported in part by the AFOSR under
Grant No. F49620-93-1-0439DEF.




Overview of Research Program

Task 1: Pulsed eddy-current detection of hidden corrosion
in transport aircraft. o

e Theory — James H. Rose

e Experiment -- John C. Moulder

Task 2: X-fay energy-resolved backscatter technique for
complex geometry in high performance aircraft

¢ Joseph N. Gray
e Terrence C. Jensen

X-ray Corrosion Detection and
Characterization

e Sample Preparation and Characterization
e Backscatter Modeling

¢ Energy-Dispersive X-ray Backscatter Camera




Pulsed Eddy-Current Technique for
Characterizing Hidden Corrosion

TOP PLATE THINNED BOTTOM PLATE THINNED
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AIR-GAP

BOTH PLATES THINNED BOTTOM SURFACE THINNED
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“Directions in Year 2

Develop quantitative pulsed eddy current estimates for loss
of metal in lap joints

Compare quantitative modeling and experiment for samples
produced in corrosion chamber

Compare model and experiment for aircraft panels

Continue development of energy-dispersive x-ray
backscatter camera and backscatter models
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Optical NDE Techniques Used

1. ESPI ( Electronic Speckle Pattern Interferometry )

2. LSS ( Laser Speckle Sensor )

3. Speckle Correlation Method (Laser or White Light)

4. Moire and Projected Grating Methods with and without Phase
shifting

Schematic of NDE of Aircraft Corrosion by Optical Methods

1. Robot arm with CCD camera and light source
2. Optical fiber and signal cable

3. Laser or white light 4. Image processing system
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Laser Speckle Pattern

Principie of ESPI

Let Ul=ul*exp(iy1) and U2 =u2*exp(iv2) be the complex amplitudes of these
wavefronts where ul,u2 and ¥1, ¢2 correspond respectively to the randomly
varying amplicude and phase of the individual image plane speckies. The
intensity of a given point in the image plane will be G1 where

Gl = 11 +I2 + 2VII1D*cos¥

and
I1 = UluUl*
R = g2u2s*
¥ =yl-y2
when the object displaces, the intensity will change 1o G2 where
G2 = 11 +2 + 2vVI1Rcos(¥ + Ad)
A¢ is the resultant phase change.
By substraction of G1 and G2 ESPI fringe pauerns are obwined:
G = Gl - G2= 2VIIR(cos¥ - cos(¥ + Ad)]
= 4VIIRsin(¥ + 1/2 Ad)sin(1/2 Ad)
Before being displayed on the monitor. G is rectified. The brightness at a given-
point in the monitor image is

B = 4K[MDsin(¥ + 112 Ad)sin(124¢)]"R
where K is a constant.

If the brighmess B is averaged along a line of constant A¢, we see that it
varies berween maximum and minimum values B,,, and B,,, given by

By = 2KVIIR2, Ad = (20 < I)x. n=0,]2...

Baa = 0, A¢ = 2nx, n=0,1.2...




Configuration for Electronic Speckle Pattern Interferometry
(out-plane displacement measurement)

Specimen

[sosovvvsvs.
By

L A
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Configuration for Electronic Speckle Pattern Interferometry
fin-plane displacement measurement)

Specimen
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Al17075.0C
Schematic for specimen I with crevice corrosion
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NDE by ESPI

. Resolution of ESPI
Out-plane or in -plane displacement: 0.3

. Heat-loading by air gun

Power:1250 w/2
Heating duration: 1 ~3 sec
Temperature rising AT: 2~4-c

. Vacuum loading : 0 ~ 25 in Hg

NDE by Correlation Method

. Cross-correlation is used to detect surface defects caused
by corrosion and fatigue. The defects are revealed by
significant change of correlation coefficient defined by

C(x=0 y___o) = Timi :;"f-l fraiy+iGi
\/2?=1 T firigej Tomt i 7

where: f, g are the images for calculation.




NDIE by Corrclaton Muthund. Simulated pitting corrosion

NDE by Conrclanon Mothod, Shisul aed Diddorm corrosn o




Aluminum specimen with  a existing crack

NDE by Corrclation Mcethod. Stress cracking.

>

()
NDE of crevice corrosion by Correlation Mcthod ( with laser illumination and
vacuum loading ). The cross-correlation of the two speckle tields betore and alier
vacuum loading is calculated. The crevice corrosion ( specimen 1) is revealed by
the drastic change of correlation coefficient




Resolution of Correlation NDE

. Pit : size ~ 0.3mm. depth ~ 0.1 mm.

. Observation area: 64mm by 60mm.

. Distance between specimen and CCD
camera: > 2 m.

. If the observation area is as big as 1m by 1m,

- we can distinguish a cluster of pits in an area
as small as Smm by 5 mm.

Proposed Approach for Quantitative NDE
of Crevice Corrosion Cavity

p 1. Use correlation method to determine the
HIESENENENEEEY projected 2-D dimension a & b

Pt

\\\\\\\\\\\\\\\\\\\\\\\\\\\\&—rd 2. Use ESPI to determine the out-of-plane

deformation under slight negative pressure

0
'

'
.

’
.

| : 3. Assuming the cavity be ellipsoidal in
‘ Q b shape, determine the cavity height using
— ——-I_L numerical calculation.




CORROSION EFFECT ON FATIGUE LIFE OF Al7075-T6

14

CORROSION

|
PITTING CORROSION
INTERGRANULAR CORROSION
CRACKING
FILIFORM CORROSION
EXFOLIATION CORROSION

SURFACE ROUGHNESS CHANGE

REDUCED FATIGUE LIFE

Surface Roughness Measurement

¢ Mechanical Profilometer

o Laser Speckle Sensor (LSS)




Parameters Used in LSS Calculation

The auto-correlation coefficient of a digitized image g(i, j)
is defined as

SRV Esl gl ) x gli+ ni+v)
Tl T2V 0¥ )

where g(i, j) is the discrete iutensity level at point (i, j)

of image g. M and NNV are total discrete points in X and

Y directions (M = 238N =192). r =T, v =V are

defined as lag lengths along i, j dircctious respectively,
when C, = 1/e.

Co(m,v) = (1)

The cross-correlation coefficient of two arbitrary images
g(i,j) and f(i, j) is defined as

c. - __TEMTiEVed) x f(id)
VIEEY SI2¥ g2(i, ) x f2(i, )2

where g(i, j), f(i, j) are the discrete intensity levels at point
(i, ) of image g and f, respectively.

Specimen Geometry




Optical Arragement of LSS

) He - Ne laser

=

Monitor

Ground giass

SP2000
High speed camera
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Fig.1 Surface roughness changes as measured by mechanical
profilometer of Al7075-T6 specimen in 4 Mol HCl solution.




Lag Length of Speckle Patiern

' A i J.

12 24 3de 48

Corrosion Hours

Fig.2 Roughness change characterized by auto-correlation lag
length of AI7075-T6 specimens iminersed in 4 Mol (]
solution.

O beam point |
® beam point 2

Cross Correlation Coefficient

4 1 1 L d

5000 10000 15000 20000 25000 30000
Fatigue Cycles

Faligue life determination by speckle cross-correlation.
The sample (Al7075-T6) was corroded for 8 hours in 4
Mol HCI solution and fatigued under maximum stress
=300 MPa wilh stress ralio R-0.2.




860000

840000 max. stress=300 MPa .
stress ratio=0.2

820000
60000 /]

.Fatigue Life (Cycles)

®

1 | 1 i |

24 38 48 60 72

Corrosion Hours

Fig.4 Faligue life of Al7075-T6 as a function of corrosion hours
in 4 Mol HC! solution. The virgin sample remain unbroken
al 850,000 cycles under Lhe samne loading conditlion.

Strain Field Surrounding &
Propagating Fatigue Crack
as Mapped by Moire
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Fig.1 Fatigue specimen and the loading condition.
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The Effect of Tensile Strain on Cumulative
Fatigue Damage in Aluminum Sheet'

[ i ing and life prediction of
! ted for presentation at the symposia ol aging ‘ :
m:::xls and |;mu:tures', Twellth U.S. National congress of Applied
Mechanics, Sealtle, Washington, June, 1994.

= Cyclic loading produces a random roughening of the
surface.

= The cross correlation technique is sensitive to surface
roughness change.

s The initial static strain affect the fatigue damage
acumulation and fatigue life.




Ground Glass

(U-v)
Load

CCD Camera

]

Specimen
(X-Y)

e / / ]| Freezeframe

image | Q
Computer Processor

TV monitor

Fig.1 Experimental set-up to monito:

r fatigue roughness by laser
speckle sensor (LSS),

(a) g-:o%, e=@ (b) e=0.65%, o=156.4MPa

(c) e=2.07%, ¢=179.6MPa (d) £=4.92%, ¢=203.4MPa (c}N=166,700

(d) N,=168,800
® an

Fig.2 Successive speckie patterns (I) at different static deformation
levels and (I) at different fatigue ﬁycle of specimen.




Parameter Used in LSS Calculation

The cross-correlation coefficient of two arbitrary images
9(i,7) and f(i,j) is defined as

C, = ZEMTZEVgGj)x i) (1)
VIEE Sizr g2, ) < f2, )2

where g(i, j), (i, j) are the discrete intensity levels at point

(i,J) of image g and f, respectively. Af and N ace toal

discrete points in \" and Y directions (M = 238N =
192).

v Al 5052-H32

O Al 7075-0

[
| ISR VRN W LSRNV W U U VT SR Ut

crosscorrelation coefficient

Tr T T T T T T T TG
PV B S N B ST Y

100
Strain @

Fig.3 Cross-correlation coefficient in terms of static strain for
AlIS052-1132 and Al7075-O tensile specimens,
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number for a typical specimen.
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Fig.5 The generalized strain range AZ as function of cycles to failure N,.

CONCLUSIONS

1. Surfuce roughness change is non-linear with respect to the number
of fatigue cycles in terms of cross correlation coefficient. The change
is caused by fatigue dumage accumulation.

2. The static strain influences fatigue life throué,\surface roughening
and microdamage in the materials. The effect is noticeable but limited.
A new dumage model is introduced to incorporate the effect of static
strain into the Coffin-Manson relation.
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Thermal Wave Imaging for NDE of Hidden Corrosion in Aircraft Components

R.L. THOMAS, L.D. FAVRO, AND P.K. KUO
WAYNE STATE UNIVERSITY
AFOSR URIP-FY93 Grant No. F49620-93-1-0428

WORKSHOP ON AGING AIRCRAFT RESEARCH
17-18 May 1994
Oklahoma City (Tinker AFB), Oklahoma

TECHNIQUE:
PULSE-ECHO THERMAL WAVE IMAGING

FLASHLAM PS

CONCEPT:
e Flash lamps pulse-heat the aircraft surface

* IR camera monitors the surface temperature following the heat pulse

e Computer and fast i image processor extracts the
thermal wave echo |ma9e

WAYNE STATE UNIVERSITY
w]nstiluu Jor Manufacturing Research I M R
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Related WSU Project:
THERMAL WAVE IMAGING OF ADHESIVE BONDS

Sponsored by the FAA-Center for Aviation Systems
Reliability, operated by lowa State University and
supported by the Federal Aviation Administration
Technical Center in Atlantic City, New Jersey, under
Grant Number 93-G-018.
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Travelling Wavs:
Heavily Damped Wave:

Peak Time:

Peak Temperature: T

Consider the Fourier components of the

heat pulse in these experiments:

*  The high frequency components propagate
with high speeds, but are heavily damped;
Thelow frequency components have less
damping, but propagate very siowly

Net result: Intermediate frequency components

dominate the behavior, and the pulse broadens

dramatically as it propagates

BONDLINE SPECIMEN #4
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FAA Center for Aviation Systems Reliability (CASR)

THERMAL WAVE IMAGES OF ALUMINUM SKINS WITH ADHESIVE
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After Fatigue Test




FAA/CASR
THERMAL WAVE IMAGING
'AT THE AANC NDI VALIDATION CENTER
ALBUQUERQUE, NM
MARCH 14-18, 1994

A0 ‘I.
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Thermal wave imaging cart, positioned for Inspection of a lapstice on the 1

betly of the aircraft. The telescoping base of the cart has been exiended |
to provvde slabumy for the Iong roach under the bol'y of the plane. 4




configuration as for Fig. 1, showing the bank of four flashiamp power
supplies on a separate dotly, which is connected to the main cart by a 25

foot cable hamess.
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-ups with a narrcwar
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figid of view. This shroud

Szcond shroud, intend

Fig. 3
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Adhesive Debond

WAYNE STATE UNIVERSITY

Page 12
FY 93 University Research Initiasive Research Initiation Program

Clamp

Fig. 4 Thermal wave image of a fabricated cotrusion iest specimen.

Delamination

percentages of material removal ranging upwards from 2%. In nearly every such laboratory test. therimal
Paint

6% comusion were successfully imaged in our laboratory. A typical image is shown in Fig. 4. Usually. in
addition to the corrosion, thermal wave imaging also detected (unintended) adhesive bond defects as well.
experiment on an actual aircraft would be a logical next step. and would also provide a useful trial of the
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chemically induced corrosion regions of various geometrical shapes and sizes. and representing various
wave imaging was successful in detecting the corrosion. and in most cases could detect it even from the

The success on these conirolled luboratory test panel iimaging experiments suggesied that a field test

Thermal Wave Imaging for NDE of Hidden Corrosion in Aircrafi Components

R.L. Thomas. L.D. Favro and P.K. Kuo
Preliminary Resuits pa Corrusion Test Specimens
" ponability of our prototype instrumentation.
Fig. 3. Block diagram of the Box-car lmaging System.

January 11. 1993
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Library sample #192
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FAA Center for Aviation Systems Reliability (CASR)
BOTTOM SECTION OF INSPECTION AREA

C-135 Wing Fastener Corrosion Inspection
by Thermal Wave imaging at Tinker AFB:

Aircraft # 2671
May 13, 1993

Thermal Wave Image of a region of
wing-fastener corrosion on a C-135 Aircraft
(Imaged at Tinker AFB, Oklahoma City, May 13, 1993)

BOTTOM SECTION OF INSPECTION AREA

[ ~

ENLARGEMENT OF REGION
SURROUNDING FASTENER # 17




OPTICAL IMAGE OF FASTENER 17
(left side cross section)

FAA Center for Aviation Systems Reliability (CASR)
MIDDLE SECTION OF INSPECTION AREA
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C-135 Wing Fastener Corrosion Inspection
by Thermal Wave imaging st Tinker AFB:

Aireraft # 2671
May 13, 1993
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Hole number zero

- 30 in

Test Area 1; Gate = 15 Frames

Stringer 18; Frame station 1070 - 1100

[Scale = 1:4]
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FAA Center for Aviation Systems Reliability (CASR)

30 inches

Test Area 5; Gate = 10 Frames

Stringer 18; Frame station 1020 - 1050

[Scale = 1:4]

SHORT-TIME-SCALE
THERMAL WAVE REFLECTION:
THEORY & EXPERIMENT
Motivation:

» To look for quantitative measurement
of outer skin thickness.

To study the effects of lateral defect size and
boundary conditions.
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Echo Amplitude

Experimental Thermal Wave Echoes from
Suwsurface Circular (R=1 cm) Defects in Steel

¥ 1 I
0.S 10 1.5 20
Time(s)




CONCLUSIONS FROM THE 6-HOLE RESULTS

Thermal wave scattering theory works pretty well.

Reflections from the bottom surface of metal skins

begin on fast time scales (~ 40 ms for steel, faster
for aluminum).

The reflection signals peak at times which are
predictable, and which scale as the square of the
thickness of the metal to the defect, for this set of
defects of radius = 1 cm.

WHAT HAPPENS FOR DEFECTS OF DIFFERENT
RADIl AT THE SAME DEPTH?

Repeat the previous experiment for a different type of
flat-bottomed hole specimen.

All S holes are
located at the

same depth beneath
the top surface
1.2rmm

O Background
(Thick region)
O Regions tor

contrast
Curves

Contrast Curves: Background (T vs. t ) subtracted
from the (T vs. t) for the regions 1 -3
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FAA Center for Aviation Systems Reliability (CASR)

Theoretical Thermal Wave Echoes
from Subsurface Circuler Reflectors
(Depth=1.2 ¢cm) in Steel

Echo Amplitude
o
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FAA Center for Aviation S ystems Reliability (CASR)

Experimental Thermal Wave Echoes
from Subsurface Circuler Reflectors

150

g

Echo Amplitude
3

(Depth=1.2 cm) in Steel
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Boron-Epoxy Patches

Honeycomb Structures

Reinforced Polymers

Fiber-

Graphite-

FAA Center for Aviation Systems Reliability (CASR)

Boron-Epoxy Patches

Foster-Miller
Test Panel




FAA Center for Aviation Systems Reliability (CASR)

Boron-Epoxy Patch Adhesively Bonded to Aluminum
(Flat Bottom Holes in Al Plate)
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Thermal Wave Image of Impact Damage on a Glass Epoxy Composite
by a 2g stone at Normal Angle of Incidence

Heat Sink

Bondline

(Curved/Back Side)
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Tape Markers




Tape Markers
Heat Sink

ling Edge Panel
Bondline

(Honey Comb)
(Flat/Front Side)
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Thermal Wave Image of Composite Aircraft Assembly

Fromt Side {Upper Ha¥ Front Side ¢ Upper Haf
Wide Angle Lens ! Short Gate Time (167ms) Wide Angle Lens / Long Gae Time




THERMAL WAVE IMAGE OF A COMPOSITE
AIRCRAFT PART

FAA Center for Aviation Systems Reliability (CASR)

THERMAL WAVE IMAGE OF A COMPOSITE
AIRCRAFT PART WITH A SUBSURFACE DEFECT
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Evaluation of Advanced Composite Structures

Puilse-Echo Thermal Wave Ima

delamination damage caus
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DUAL RESIN BONDED PANEL
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ULTRASONIC THERMAL WAVE




DUAL RESIN BONDED PANEL
PROCESS VERIFICATION
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Comparison experiment/theo

Experiment

1D An




Raw Thermal wave image of a
cross-shaped defect inan
anisotropic composite

Resull of the application
ofan:nversescatternng
algonthm lo the image shown

THERMAL WAVE IMAGING
TECHNOLOGY DEVELOPMENT & TRANSFER

Flash lamps, shroud, cart.

Hardware (board-level pipeline image processing
on a 486 PC).

Software
(dedicated to real-time thermal wave imaging) .

Commercial availability
(WSU-licensed to Thermal Wave Imaging, Inc.)
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FUTURE WORK
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hort-time peak slope time

the peak slope for holes of different de
with different boundary conditions.

Experimental test
predictions: S

Implementation of the method on corrosion test

specimens.

Implementation of the method on aircraft panels




